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PREFACE

The purpose of Tisk 2 of the All-Weathor Landing Systems (AWLS
project 18 to develop and implement. a manned flight simulation program to
(1) investigate terminal flight operations, emphasizing wind shear
effects, and (2) determine tiie operational and technical role of head-up
displays. This {nterim report describes the results obtained by the AWLS
team-SRl, Bunker Ramo Corporation, and Collins Avionics Group of
Rockwell International--on a validation test with a DC-10-10 aircraft
simulator of the capabilities of curtain alding concepts to assist the
pllot in coping with low-level wind shear. The aids were based on air-
borne {nstrumentation, and the information was displayed on the instru-
ment panel, The aiding systems tested included approasch management
techniques, go-around decisfon aids, and techniques for assisting the
pllet during the go-~around mancuver, The sponsoring organizations are
FAA Wind Shear Frogram Office and ARD-740; the Technical Monitor is
W, J. Cox. .
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1 INTRODUCTION

A, Program and Objectives

Nﬁ\}lThe FAA Wind Shear Program has the objectives of examining the
hazards assocliated with low-level wind shear, developing solutions to

the wind-shear problem, lmplementing the solutions, and integrating them
into the National Airspace System, In support of this program, potential
solutions in the category of airborne equipme o are being investigated

by the All~-Weather larnding Systems (AWLS) team under Task 2 of a contract
from the FAA Approach and Landing Division. The Task 2 team consists

of SRI, Bunker Ramo Corporation (BR), and Collins Avionics Group of

Rockwell International.

The investigation has been concerned with airline transport jet air-
craft. The approach has been to zive primary consideration to the
lowest-cost candidate alding concepts to ensure that any potential solu-
tion will be cost effective, The »roject task has included the design
and test of airplane control laws, the analysis of afrplane responses o
wind shears, the development of wind models, the determination of the
hazard: »resented by various wind fields, and the development and test
of various . struments intended to ald the pilot {n coping with wind
shear. The majo. %ty of the effort has been spent on a series of piloted
flight simulation tu.ts. Table 1 summirizes these simulation exercises
that have been sponx‘rud[s;QE:hthc FAA Wind Shear Program. Except for
the most recent, these tksts hayve formelly treated only the precision-
approach problem--{.ec., approach nhq\landing with full Instrument Landing
System (ILS). The first tests, 1* wé?n\explorntory in nature; a DC-10
training simulater was supplied and suppdrted by Douglas Aircraft

Company, McDonnell-Douglas Corporation, undér subcontract. A similar

AN
N
~

\‘n
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References are listed at the end of this report. \
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exploratory study was conducted with a B-737 model in the Flight Simulator
for Advanced Alvcraft (FSAA) at the National Aeronautics ind Space Admin-
istration's Ames Research Center. The aiding techniques showing the most
promise and potential cost effectiveness were tested in the Phase 2
exercise? with a DC-10 model in the Douglas Moving-Basc Development
Flight Simalator (MBDFS). In Aurum of 1977 a Phase 3 test of DC~10 aid-
ing techniques was conducted i{n the Douglas MBDFS., This involved a set
of wind profiles significantly expanded over those used in earlier DC-10
tests. Eight pilots took part in initial trials of candidate aiding
techniques, and an especially large group (26) of subject pilots parti-
cipated 4n a "Full Trial" of the threec most promising systems; in these
trials an atding "system" incorporated ground speed information, flight
steering guidance, a thrust control function and an automatic warning

(or advisory) that a go-atound should be initiated. The overall perform-
ance was marginal: it would have been adequate {f the subject pilots had
always chosen to honor the go-around advisories. However, the rate of
nuisance alarms on the go-around warning was too high. Improvement of

the go-around decision aids was nesded.’

The most recent exercise was the Phase 4 test of aiding systems.
It hox just been completed at Douglas in zhe DC~10 MEDFS and {8 the sud-
Ject of this report.

B. Test OQutline

The major purpose of the DC-10 Phase & test was to measure the
ef fectiveness of the best wind-shear aiding concepts, The goal, of
course, was to shew that there exists a cost-effective afirborne system

that will solve the wind-shear problem,

The aiding concepts considered were those that had shown the most
promise in earlier trials. They were refined and, in some cases, aug-
mented to correct the deficlencies that had been éxnosed. The scope of
the tests was extended to include takeofis and non-precision approaches--
i.e., approach and landing with 1LS localfzer (LOC) bhut without a giide-
slope beam, Tabie 2 shows the specific aiding techniques considered

.« Sewr o
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Table 2
ALDS AND SITUATIONS TESTED
Situation Precision Non-
ALd Approach Precision | Takeoff
Approach

Speed control: airspeed/ground speed X X
Modified (acceleration-augmented) X X )
integrated flight director
Synthesized reference glide path X
Go-around advisory: *

Acceleration margin X X

Microprocessor display X X
Modified go-around guidance for X X X
maximum perfoymance
Angle-of-attack display X X
Manual control for maximum perfor- X
mance
Wiud informition {n real time X X
and the simulated sf{tuations under which they were tested. Detailed
descriptions of the atds appear in a subsecquent section of this report.
In earlier tests, approaches and landings had been simulated at a sea-
level runway: approaches in this test used a rumway at an elevation of
5,300 feet, 95°F (900#fcet density altitude) to wimulite vorst-case
conditions. Takeoffs were made from ses level. Another departurs from
previous exercises was that subject pilots were usked to exccute a go-
around when advised and according to the guidance providad; the perform-
ance of the system was tnsted directly.

Test planning and engineering development work started in April t

1978, On 10 May, a test plan was submitted to the FAA. A request for
proposal on sinslation zupport was sent to Douglas, who responded with v

their proposal 780-217; a subcontract was negotiated and Douglas started
work on 29 June. Courdination mectings were held in August. The FAA

4
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let a separate contract to Kollsman Instrument Company for the provision
of anulog instruments. Specifications for sensors, instrument drive
signals, and go-around signals were sent tu Douglas in Septesber. On

5 October, Collins delivered specifications for the modified flight
director steering and Integrated thrust-command signals, Bunker Ramo
prepared briefing materfals and evaluation questionnaires for the subject
pilots. Simulator checkouts started at Douglas on 6 November, The
microprocessor display vas fnstalled in the simulator on the 9th, and
Kollsoman instrument was {nstalled on the 13th. ‘The weeks of 13-17
November and 27 November—-l December were used for checking out the instru-
ments, refining the control algorithms, and making final adjustments of
contrel parameters. The FAA added briefing material, and 3R recruited
the subject pilots. Runs with subject pllots in the precision approach
test were made on Al=12 December, 15-17 January, and 26 January; the

10 pilote made 200 famfliarization and 150 test runs. Simulator and
instrument checkeut trials werce held on 4 January. The nen-precision
approsch test was run in 8-12 January, the 10 subject pilots making 221
familiacization rung and 150 for tesr, The DC-10 sgimulator in takeoff
configuratior was checked out, takeoff control algorithms were installed
and adjusted, and informal zakeoff trinls wers conducted by the three
project pllots on 22-25 January; this {ncluded 14 runs for familiariza-

tion and 60 for test.

Presentations of the results of the tests and demonstration runs
on the MBDFS were held for industry and government representatives in
March at long Beach, California.

The FAA Wind Shear Program is under the supervision of Mr. H. Guice
Tinsley. Lt. Col. Larey Weod, U.S. Air Force and FAA, is the manager for
airborne systems, took part in the pilot briefings, and was one of the
project pilots, Mr. W. Jor Cox wae the FAA technieal officer for this
* effort,

The AWLS project supervisor {s Mr. Dean F, Babcock (SRI). At SRI,
Dr. Wade H. Foy is the project leader; Mr. Walter B. Cartner designed the
test and was responsible for the evaluation of the results. Hr. Gordon
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K. Zunker (consultant) contributed to the test plan and other basic task
documents. Dr. A. C. McTee led the BR effort and was test director.
Capt. William O. Nice and Col. Don M. Condra of BR were project pilots
and teat observers, acting the role of first officer for the subject
pilot runa. At Collinas, the work on the modified flight director
algorithms was suptérvised by Mr. Jim L. Foster; Mr. Dave Tiedman was
project engineer and supported’ the tests at Douglas. The Douglas team
vas managed by Mr, John D, McDonnell, while Mr. Ernest Admiral was
responsible for simulator hardware and test integration and Mr, Paul
Jernigan was responsible for simulator softwarc; many other Douglas
personnel supported the simulation activities or did duty as test pilots
for checkout and trial runs. The successful completion of the tests was
dependent on the active and cooperative spirit of all these members of

the task teoam.

The pilots who acted as subjects for the test runs are listed in
Table 3. They Include 13 from the airlines, 3 from air transport manu-
facturers, 2 from the Afr Force, and 2 from FAA. All contributed their
time and cxpertisce without remuneration from the project; their profes-

slonal competence and dedication had much to do with the success of the

simulation effore.

C. Organfzation of Report

The revort {3 organized to describe the three tests and to give
their results in detafl, The scction that follows gives the simulator
configuration and the wind conditions programmed in the simulation com
gutar. The various atding techniques, control algocithms, and informe~
tion displays are discussed in Section 11i. Combinations of these made
up the wind-shear atding systems tested, Section IV through VI describe
the separate tests: precision approach, non-precision approach, and
takeoff. The conclusions drawn from the test results and our recom-
mendations to the FAA are presented in Section VII. Various technical
details, including a description of the microprocessor display, can be
found in the appendices.

i
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Table 3

SUBJECT PILOTS

Precislion Approach Test

Jack L. Browm United Air Lines
Jerry Frederickson Northwest Alirlines

J. R. Gannett Boeing Flight Test

R. F. Hanna American Alrlines
Thomas lImrich FAA, AFS-203

R. J. Levendosk{ FAA, AFS-201

R. 0. Nelsen Continental Air Lines
R. E. "Dick™ Norman National Air Lines

B. M. Richards Continental Alr Lines
W. R. Sonneman Trans World Afrlines

Non-Precision Approach Test

William A. Brown Pan American Alrlines
Lt. Col. William A. Browning U.S. Alr Force, 4950 Test Wing
D. E. Cloud American Airlines
Ralph C. Cokeley Lockheed Afrcraft Corporation
Maj. Paul C. Connors U.S. Alr Force, 4950 Test Wing
Don DeBolt Northweat Airlines
H. Ray lahr Afr Line Pilots Association
Sam 5. M{ller United Afr Lines
Ivan H, Shimon American Airlines
W. David Wiebracht Douglas Adrcraft Company

7
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I1  SIMULATION

A, DC~-10 Simulator

The Douglas MBDFS, shown in Figure 1, consisty of a modified DC-10
cockpit mounted on a six-degree-of-freedom moving base. A Redifon Vis-
ual system is used to represent the extsrnal visual scene., Programs
for data acquisition and DC-10 equations of motion are mechanized on a
Sigma-5 hybrid computer. The simulation was modified to include speci-
fied wind-shear and turbulence models. Cockpit instrument panels wvere

reconfigured to include the exporimental displays.

The wodified DC~10 cockpit contains Captaln, First Officer, and
Instructor stations. The Instructor station, located aft of the Captain's
station, was equipped for selection of test conditions, and control of
mission start, reset, and position freecze, Subject pilots flew simulated
approach or takeoff sequences frow the Captain's station with the basic
configuration shown in Figure 2. All flight controls, flight instru-
ments, guldance systems, and aircraft subsystems necessary for the per-
formance of this study were provided at the Captain and First Officer
stations. Except for experimental displays, installed cockpit equipment
conformed with standard DC-10 aircraft equipment.

The Sigma-5 provides program control of data collectiocn and of
simulated acrodynamic response, winds, and turbulence, with appropriate
parameter values obtalined from lookup tables., Wind profiles and turbu-~
lence conditions represented in the simulatfon were noted during each
simulator run, and were shiown together with aircraft variables of interest
on a multichannel strip-chart recorder; at the end of each run a "quick

look" summary was provided by output on the computer line printer,

The external visual scene {8 generated by a Redifon rigid model
system with a scale factor of 750 to 1. The visual scene is represented
by & 520-1ine color television image, and is displayed by high-resolution
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monitors viewed through a -peciul Douglas Alrcraft assymmetric lens. ‘lhe
Captain and Firsv Officer stations are each equipped with a separate
monitor and lens. The visual system has a maximum approach distance of
2.25 miles and an eye altitude range of 725 feet to 15 feet. Approaca
and strobe lighting are realistically simulated under variable ceiling

and runway visual range (RVR) conditions.

The simulator has six degrees of freedom, provided by a six-jack
(Franklin Institute) motion base. Motion is controlled from & ground
control station locatxd adjacent to the cockpit/platform. Motion capa-
bility is summarized in Table 4.

Table 4

SIMULATOR MOTION LIMITS

? Velocity Acceleration

: Payload Payload Payload Payload

% Axis | Excurslon | 54 000 1b | 3,600 1b 20,000 1b | 3,000 1b
3

E Heave | £42 in. 239 in./s | £40.5 in./8 | 21.65 g 1,65 g

< Sway £67.5 in. | 267 in./s | 272,3 in./8 | %1.43 g +2.25 g

% Surge | 265 in. £71 dn./s | £71.6 in./s | £1.50 g *2.6 g

% Roll +30.7° £35.6%/s8 $36.2%/s £7.8 rad/s? | +7.8 rad/s?
% Pitch | 233.3° £33.6°/8 232.0%/s 7.8 rad/s? | 7.8 rad/s?
vaw | £38.7° £36.3%/s | 240.3%/s 17.9 rad/e? | 17.8 rad/s?

G

Equations of motion for the DC-10 series aircraft provided continuous
flight simulation over the low-speed flight envelope. Table lookup
functions were used for nonlinear aerodynamic data suvch as 1ift, drag,
roiling, yawing, and pitching moments. Ground effects on aerodynamic
coefficients were simulated over the entire flap ravge, Ncnlinear
lateral control spoilers were included. Control surfaces were simulated
as cither first- or second-order systems, with dead zones and position

limits included for all surfaces.

12
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B, Wind Profiles

Wind profiles selected for use in the simulator tests represent three
broad classes of meteorological conditions commonly recognized as signifi-

cant producers of low-level wind shear:

(1) Atmospheric boundary conditions

(2) Frontal systems

(3) Thunderstorms.

Wind data came from tuver measurements, accident reconstructions,
and metcorologlical math models; the data for each condition were converted
to a three-dimensional wiad field programmed as a function of altitude
and longitudinal position. A number of different wind profiles were
produced from each wind field by verying the runway position relative to
each wind ficld and, where applicable, by varying the parameters of the
wind model. Potentially hazardous wind profiles were identified and

sorted {nto three levely of severity by observing the responses of a

R L R TRk N R AN ST T e R S
K ’ ” e

fast-time computer model of the DC-10 piloted by an idealized controller

W A

algorithm., Ten wind models were sclected for the approach and landing
tests; these were the same winds as those used in the DC-10 advanced
tests of September-October 1977, An additional five models were chosen

for the takeoff rung in this test. Care wag taken to maintain realism,

%

Sonme wind profiles for approach and landing, for example, were thunder-
gstorm models constructed during the investigations of actual acciden:s.
A useful and challenging profile for takcoff{ was constructed by taking
a thundersterm model and translating the storm center horizontally with
respect to the simulated runway until the winds encountered presented

hazardous conditiuns.

The development o! the models and the process by which they were
classified as to severity are discussed {n another report.“ For complete-
ness, the wind profiles and turbulence models are described in Appendix A.
A significant change from the 1977 tests was that the turbulence intens-
ities were reduced to half, for thise validation tescs. The effect was
to give a reallstic amount of turbulence without having it override the

wind shear.

13
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The simulated DC~10 airplane was controlled manually by the pilot
; with reference to the flight director and other instruments, or to the
' visual scene; the throttles were set manually, Cockpit procedures were
similar to those of normal airline operations, with the observer pilot
. {playing the first officer role) giving the usual altitude, speed, and
sink-rate callouts. On approach, for example, the pilot "flew" on instru-
ments until visual breakout and completed the landing by visual reference.
If a "go-around” (or "missed-approach") was made, he activated the take-
off/go-around (TOGA) mode of the flight-director system, advanced the
throttles, and controlled the aircraft via the flight-director commands;
the first officer handled flaps and landing gear. The standard or "base-
1ine" system and procedures for flight management, both for approach and

landing and for takeoff, were a duplication of those recommended by

Douglas for conventional afrline passenger operations. The baseline

RS

system included only the conventional DC-10 {nstrumentg--flight-director

BN

drive signals and displays. Throttle management was normal, intended to
saintain the preselected indicated airspeed. The instruments for all
techniques were driven from the simulator computer by the sensor models

described i{n Appendix B.

The "systems” tested for alding the pflot in coping with low-level
wind shear included various adeitions or changes to the conventional DC-10

system. These additional aids are described in the following paragraphs.

A. Alrspeed/Ground Speed Technique

Previous studies!™3 showed that a useful aid in wind shear is to
replace the conventional airspeed-error thrust management with a technique
designed to maintain both airspeed and ground speed (GNS). Given the
pilot's selected approach speed, vapp, in terms of indicated airspeed,

we calculate a reference ground speed, GNSref’ as follows:

15
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- GNSref - TVapp - wxgnd
g where
¢ Tv -V converted to true airspeed (knots)
3 app app
3 wX » \lind component at ground, longitudinal, with headwind
gnd
3 positive (knots).
E The aiding technique is to adjust the throttles so that the indicated
? alrspeed {s at or above vapp and the ground speed is at or above GNsref° -
z The effect, when flying with a strong headwind that will disappear at
Xy
3 the ground, is to require an airspeed higher than normal (vapp) as protec- .
? tion against the shear-out of the head wind.
é In one display tested, this technique was implemented on the usual
é round-dial airspeed indicator by driving a second necedle, the Vmo pointer,
§ to read GNS. Colored "bugs" were pogitionced on the edge to indicate
§ V., and GNS_ .. This implementation with a dual-needle indicator was
% the same as that used in previous simulation tests.?
Ej“
§ This alrspesd/groundspeed technique was also incorvorated in a speed
1 command on the flight director; sec Section IL.F.
; B, Acceleration Margin
f An analog quantity designed to indicate when the airplane fs& getting
into a hazardous situation with respect to longitudinal wind shear is its
& acceleration margin, AA, computed as:
° BA = A - (Wt B
: cap H
WD = - - WX
D = (TAS-GNS) dkgad
where
1
Acap » Acceleration capability of the airplane in level flight in
approach configuration {(knots/s).
wxgnd « Wind component at ground along runway, with headed 1
: positive (knots)
: TAS = True ajrspeed of airplane (knots)
; 16
3
k w




GNS = Ground speed of airplane (knots)
wh

Wind difference (knovs)--difference between along-track wind
at present position and on the runway

H
il = Rate of change of altitude with time, positive up (feet/s).

Altitude of airplane CG above ground, positive up (feet)

In this, Aggp I8 a constant for the approach and will depend on the
selected approach speed, the flap setting, the maximum engine thrust
available, the drag, the aircrafc weight, and the air density; for
instance, values for the DC-10 at 350 klb, 50° flaps, nominal approach
spced, gear down, level flight, are:

Sea level, standard day 1.67 kt/s
9000 feet, standard day 1,00 kt/s

The teim TAS - GNS {s approximately the longitudinal wind velocity at the
aivplane, headwind positive, so WD {s the wind difference or estimated
wind' shear, the change in wind between airplane present position and the
ground; a decreasing headwind {s o positive difference. The magnitude

of W/ is the expected time In seconds to reach the ground, and i will be
negative for descent. Thus, the term [ -WD)H/H 1is the expected accelera-
tion demand due to longitudinal wind shear, with a decreasing headwind
for a descending aircraft giving a positive demand. 1f the demand

equals or exceeds A 4A becores zero or negative and the situation is

cap®
potentially hazerdous.
Previous tests> showed that the condition AA < 0, 1{f used as a
criterion for advising a go-around, produced too many nuisance alarms.
Analysis of the runs and preliminacy trials in the DC-10 simulator indi-
cated that {t would be useful to augment the algorithm. lLet us compute

the difference, DA, between the wind change and the airspeed pad by:

DA = WD - (1AS = Vgp0)

. vhere
1IAS = Indicated airspeed (knots)
. Vapp = Selected approach speed (knots).

Then we implement a go-around advisory, closing the "switches' when the

ind{cated condition is "true,” as follows:

17
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DA > 8

o d s it 4

7<y/,/’ 47///’ turn on
O— o- ——

WD 2 25 AA S 0 go-around §
light

Thus, a go-around was advised, and a yellow “go-around AA" light on the
instrument panel was l1it, {f 3A < O AND if [WD > 25 knots OR DA > 8 knots].
The effect is to inhibit the go-around advisory if ecither the wind dif- .
ference (dacreasing head wind) is less than 25 knots or the wind difference

is no more than 8 knots greater than the airspeed pad. The particular

values 8 and 25 knots were chosen enpirically,

C. Moving-Tape Display

The simulated airplane can be "flown" by reference to the f1light
director steering and Fast/Slow commands alone if there are no failures,
However, the pilot requires backup or ancillary information that supple-
ments and supports the flight director. This backup information is most
useful Lif it is displayed i{n a -ay that permits easy assessments of the
trends in time of the quantities. We expected that such a display that
included acceleration margin and angle of attack, in addition to the
standard information (airspeed, altitude, vertical rate), would be effec-
tive if the information could be displayed in the comparatively small
area of the instrument panel normally scanned by the pilot. Therefore
the FAA technical mon{tors designed the moving~tape display showm in
Figure 3, The 3-tape instru=ents, Kollsman model AVK-16/4 24Gl0, were
burrowed from the USAF Flight Dynamics Laboratory and were modified by
Kollsman Instrument Company on a separate FAA contract. The right and
middle tapes show indicated airspeed and ground speed, The left tape
reads out the negative of the acceleration demand (see p. 17) scaled by
2 ({.e., -2 on the tape corresponds to +1 knot/s of acceleration

demand). The solid-color strip (red) on the negative region ends at the :
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corresponding value of aircraft acceleration capability; thus, if the
tape shows the Indicator line in the solid strip, the acceleration demand
is greater than the capability, AA is negative, and a go-around may be
advisable. A positive reading (above zero) on this tape indicates a
performance-increasing condition (potentiel alrspeed gain) ahead of the
aircraft. A negative reading (below zero) indicates that a performance-
decreasing condition (potential airspeed loss) will be encountered. As
the figurc shows, this instrument, when used, wxs mounted to the left of
the flight director in the position usually occupled by the normal air-
speed indicator. The moving-tape displays were installed on both

j
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pilot's and copilot's inatrument panels.

D,  Longitudinal Displacement and Syanthetic Glide Path

A basic assumption of the aiding concepts was that a measurement
of ground speed (GNS) would be avaflable in the airplane simulated. The
model for this measurement {3 given in Appendix B; note that it included
an additive random component of 4 krots rmas. From this assumption it ie
AN casy step to sssume nlso that a measurcement of initial position can
be made. Examples of possible sources are a position fix from the afr-
plane's standard navigation method, a distance-measuring-cquipment (DME)
reading, or the point of crossing the center of the outer marker beam
on approach., With the initial position and OGNS, we may compute horizontal
displacenent along the runway centerline by integrating

€
x“ - Xo +]o (GNS)de

where

xm(c) » Heasured longitudinal displacement of airplane, positive .
in direction of approsch

XO = Initial value of lougitudinal displacement. .

20
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An error in initial{zation will appear as a constant bilas error in Xn.
We took a value of ¢ 600 feet, corresponding to a single-reading DME
bias, as the initialization error. On each simulator run the particular
value of the X blas error was dependent on the wind profile, being
sclected to cause the most difficulty; for instance, an error of +600
feet was applied to runs on n wind profile where a headwind loss was

expected,

The measurement of X with the standard measurement of airplane
altitude above ground, from a radio altimeter, for instance, may be com-
bined to synthesize a reference glide path when an ILS glide slope beam
ts not available--as on non-precision approach, Assuming that X = 0 at

the glide path [ntercept print on the runway, we computed:

ng - -than(GSA)
where

H_ = Helght above ground, positive up (feet), of the glide path at
longitudinal displacement X

GSA = Glide path angle (degrees) above horizontal; nominally 3°.

The altitude ervor of the airplanc then was H - ng. which gave vertical
deviation from the synthesized pglide path and was used for flight director

pitch commands  Note that ugp had a random error component due to the

BRI P A 8 AN

crror applied to cthe GNS menaﬁrcmenc; the effect of the {ntegration and

the small valuc of tan{GSA) was to attenuate this component so much

that §t was practically negligible. It was necessary to add a random
noise component to the measurement of afrcraft alcitude, R, as rhown in
Appendix B, to get a “realistic” syathetic glide path. There was no
intention or attempt to use this synthetic glide path below nonprecision

ainimuns.
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B. Modified Flight Director

Under Task 5 of this AWLS contract Collins developed improved flight
director control laws that incorporate acceleration augmentation to aid
in coping with wind shear on approach and landing. In comparison with
the standard or "baseline" flight director commands, these modified
steering control laws exhibit quickened responses to changing wind and
other transients., The modified flight director also had a modified speed
command, driving the Fast/Slow "bug,' that usced acceleration augmentation
and wind-shear compensation to fmprove speed control, The modified flight
director (MFD) laws for this DC-10 simulation test had no major changes .
from those of the previous tests; previous reports?3 describe the
algorithms and compire them to the bascline DC-10 flight director laws,
To fllustrate the techniques, simplified block diagrams of the MFD
longitudinal and lateral controls are given in Figures 4a, snd b., and a

similar diagram of the MFD speed control {s given iun Figure 5.

When used on a non-preclsfon approack, the flight director pitch
steering command requires a substitute for glide slope deviation. Note
that the MFD longitudinal control, Figure 4, has altitude error as a
basic fnput. On precisfon appreach this signal was obtained from glide
slepe deviation and altitude. On non-precision appreoach, the altitude
error signal was computed by using the synthetic glide path described

above, Figure 6 shows this algorithm,

With the MFD the ptiot's task was te steer the simulated airplanc
g0 as to follow the flight director stcering commands as closely as
posaible.  Thus, thiz part of the experimental task was tha same in
concept as conventional approach management by flight director reference,
When the MFD was usced, both the pilot's and the copllot's flight directors

were driven by the MFD siznals.

F. Thrust Command

For approach and landing the pillot's speed control task was aided
by suppiving a speed errvor {ndication on the Fast/Slow scale of the flight

director. The pilet moved the throttles to keep the F/S indicator showiung
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zero error, in the conventional way. The dynamic effects of the simulated
wind shears produced speed crrors greater than 10 knots, however, so

the conventional :10-knot scale was changed to read 220 knots.

Three speed-command algorithms were {mplemented in the simulation
ccaputar software. The "baseline" DC-10 F/S signal was derived primarily
from airspeed error; it was designed to give smooth, stable operation.
The Collins MFD algorithm was described above (Figure 5}. The third F/S
drive signal was the same one ured in previous tests,3 based on both
ground speed error and afirspeed error. The algorithm for computing that

. signal is:

PO

F/S » Minimum of (8AS, AGNS)
AAS = 1AS - V
app

LGNS = GNS -~ GNS
ref
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where

F/S = Fast/Slow indicator reading (knots, limited to *20)

IAS = Indicated airspeed (knots)

Vapp = Selected approach speed (knots).

This "minimum airspeed-error/ground-speed-error" algoritham gives an F/S
signal that duplicates the pilot's speed management technique described
in Section III-A. When used, the pilot's and cop’lot's F/S indicators

were driven.

G. Modified Co-Around Guidance

Situations will occur on approach and landing, especially with wind
shear of high severity, for which the appropriste action is to abort the
approach and make a "go-around." In the simulated afrplane the pilot
fnitiated the mancuver by pressing the TOGA button and saying "go-around;"
he advanced the throttles to give full (102Z) engine rpm and steered on
the flight director commands, while the copilot activated the lever to
raise the landing gear and moved the flap lever to 22°, The standard
or “baseline” DC-10 go-around steering and F/S signals for the flight
director are derived from heading, angle of attack, {ndicated afrspeed,

and longitudinal acceleration., They provide a smooth pitch-up mancuver.

An alternative method was designed in an attempt to minimize the
logs of altitude during the go-around., This modifiecd go-around guidance,
developed by Mr, David W. Ellis of SRI, was intended to provide a pitch
steering control law for use in wind shear, The control law was designed
spucifically for the simulator validation tests, and would requirc addi-

tioas and modifications if used in a production aircraft.
“he ratlonale of the design i{s as follows:

e The dominating requirement during go-around is terrain avoidance
and obstacle clearance. After the {nfitial pitch-up mancuver, it
is assumed that flying a nominal positive flight path angle will
result In a safe go-around.

® The pitch attitude required to maintain a flight path is depend-
ent on the prevailing wind, The steering control law should .
contain compensation for this effect.
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: e If there is severe wind shear or some other condition such that
the aircraft cannot maintain the nominal flight path angle, the
aircraft will be flown at or above a minimum airspeed at a com-
mensurate maximum pitch attitude.

The design is described schematically in Figure 7. Vertical-speed

R and ground-speed GNS inputs are uscd to compute flight-path-angle vy.

Flight-path-angle and angle-of-attack a then go into the computation of

the pitch steering signal A, This computation may be explained with the

aid of the vector diagrams in Figure 8. In Figure 8(a) the aircraft is

G LR )

b S MR

4 ALTiTUDE
RATE Taa " 20

tt/second) M

GAOUND - 33.98 T . s = LAPLACE TRANSFORM
SPEED ’ o : VARIABLE

ixt} gns‘

ANGLE
OF ATTACK
{ceg! o

PITCH
COMMAND

| MINIMUM |- Y0 FLIGHT
;:}___.. DIRECTOR
t . {deg, + DOWN)

INDICATED
AIRSPEED
fxt) IAS +

PITCH
RATE
{deg/secnnd} ¢ 1

030+

V,, * STALL AIRSPEED, DEPENDENT ON FLAP POSITION

FIGURE 7 MODIFIED GO-AROUND PITCH STEERING
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(s} AIRCRAFT (N STEADY FLIGHT WITH NO WIND

{d! AIRCRAFT IN STEADY FLIGHY WITH WIND

FIGURE 8 EFFECT OF WiND ON AIRCRAFT FLYING AT A GIVEN Y

shown at a given flight-path-angle T, with no wind, In Figure 8(b) the
aircraft is at the same flight-path-angle 1, with the exception that a

steady wina component Vw has been introduced. To compensate for the

Rt S R LR R N SR D

wind, the aircraft has been pitched up by approximately AP & If winds

were fignored (treated as a disturbance) in the control law, one could

L write:

ATIR

Awo -0
(]




where 6 is the pitch angle. To compensate for the wind, we want:

o=@ -0+ (va - )]

which, with the substitutionas Y " 6 - a and 60 ", + a is equivalent

to

A =8 - [Yo -a +(8-a- Y)]

4= (y - Yo) + (o - a’).

This signal and the pitch rate ternm 8 for damping are the controlling
terms as long as airapeed remains high., When airspeed drops to or below
the stall value, the minimum function chooses the lAS-Vst input, which
results in a pitch~-down command to guin airspeed, The reference flight

path angle, YeA! and angle of attack, asy were chosen empirically to

L T A P S M e L

glve a good DC-10 go-around maneuver.

wWith the modified go-around method the pilot advanced throttles
to give full thrust fmmediately after pushing TOGA. He was then not
using the F/S fndicator on the flight dircctor for the thrust control.
Therefore, to provide additional information, the F/S signal was modified
so that the F/S displayed an approximation to angle-of-attack error,
The modified go-around signal drove both pilot's and copilot's flight

director.

H.  Run Bvaluatior (Microcomputer) Display

Previous vind-shear sfmulation tests3 had exposed the need on approach

T TR T S T T 13 0 R0 e SRR S A, T S

and landing for an =ffective go-around advisory device that would be easy
to read, reasonably inexpznsive, and substantially free of nuisance alarms,
We hypothesized that. any go-around advisory should be accompanied by some
explanation of the reason f.r the warning, and alsc thai we could increase
the usefulness of the device Ly providing indicatlons of wind asctivity.
Accordingly, SRI designed and developed a microcomputer~based alphanumeric
unit termed the "run evaluation display" (RED). 'The window, in which
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20 characters could be displayed, is shown in Figvre 9. Two of these
units were mounted on the simulator instrument panel, one on each side,

just above the barometric altimeters.

Twelve analog quantities representing sensor measurements were
avallable in the simulated airplane, as shown in Table 5, and were pro-
vided in the DC-10 simulator as inputs to the multiplexed analog~to-
digictal converter of the microprocessor, The binary TOGA-button contact
wag also provided, as were two simulator binary events needed to initial-
ize the calculations, The microprocessor sampled the analog quantities
once each second and computed air-mass flight path angle, loneitudinal
and vertical wind at the aircraft position, and estimaced longitudinal
wind shear. 1If the afrplane was located before the runway threshold
on approach it computed the estimated height loss if a go-around were
exccuted, and the altitude of the obstruction clearance zone; if the
Simuiated aircraft had crossed the runway threshold it computed the
estimated distance to touchdown and to stop, assuming a wet runway.
Depending on the results of the computations, the microprocessor put
one of the following messages on the alphanumeric display, with the

appropriate numerical figures inserted:

e Surface Wind Message

NR HW 32K FAR TW 47K

The wind aleng the runway is 32 knots headwind at the nearx
end and {5 47 knots tailwind at the far end.

o Longitudinal Wind Shear Messages

HW DEC SP LOSS 20K/H

HW INC SP GAIN 15K/H

TW DEC 5P CAIN 29K/

TW INC SP LOSS B8K/H

The lengitudinal wind at the airplane is a head (or tail) wind
and will decrease (or increase) along the approach path; the
estimated airspeed loss (or gain) is shown in knots per
hundred feet of decrease in altitude, Shown if the wind shear

is greater than 8 knots per 100 feet of altitude, '
30
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Table 5

INPUTS TO MICROPROCESSOR FOR RUN EVALUATION DISPLAY

(a) Analog
Channel Quantity Symbol Range Sense
a Pitch angle ] [ *16 deg + up
1 Angle of attack u t16 deg + up
2 True atrspeed TAS 3-256 kt --
3 Cround speed GNS 0-256 kt -
4 Altitude above runway H 0-2048 + up
5 Vertical veloctry i 037 f1fs |+ up
6 Longitudinal wind at VWX 264 kt + tsllwing
runway near end gnd
) Longicudinul wind at vuxiar 264 kt + tajlwind
runway far end
8 Not used - - -
tocalizer deviation &0C t2 deg + to right
10 Leagitudinal displace- Xf 11024 (¢ + in direction
=ent (fine) of approach
il Lorgitudinal displas e X, <3 kit + in direction
meat {coarsce) ¢ of approach
12 Accelerat fen demand Adcm 8 wi/s -
13 Ind{cated afruapeed 1AS 0-256 kt -
() Biaary-Valued Event Markers
TOGA Takeof{/Go=-Arcund Button
RRST Run rewet
MNBN Mission start

() Conptants Required

Adr density
Acceleratfon of graviwy

Runwav length

Nominal glide sfope angle

Weight of afrplane
Refarence wing area
Drag coefficicnts

Lift coefficients

farimum avallable thrus?t

~
?

DN’ LLREF

.0’ CIA LMAX
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¢ Vertical Wind Messages

VERT W UPDRAFT 17K

TVERT W DOWNDRAFT 33K

The aircraft {8 in a wind with a vertical component, updraft
or downdraft, of the speed shown in knots, Shown if the
vertical wind speed is greater than 5 knots.

e Alrspeed Warniung

SPEED HIGH FGR FLAPS

The indicated ulrspeed has exceeded the flap placard speed.

¢ Go-Around Advisory Mesaages, Adrcraft Before Threshold

GO ARND  UNDERSHOOT

The airplane position and velocity are such that there is
danger of going too low and into the clearance zone.,

GO ARND  ACCEL LaCK

The acceleratfon margin criterion has been met (4A < 0).

GO ARND OFF TO RIGHT

GO ARND OFF 10 LXFT

There 4% too mch lateral deviation from the localizer.

GO ARND  SPEED LOW

The airspeed has daecreased to 10% above stalling epeed or
loss,

o (w-Around Advisory Meszsges, Adrcraft has Crossed Threshold

[(‘ »
l.O ARND  OVERSHOOT

The position and velocity of the afrcraft are such that there
{s danger of overrunning the far end of the runway,

GO ARND DESCENT RATE |

)

The descent rate of the aircraft is too high for a safe
landing.

The priorities with which the different messages were displayed were

otdered for safety. That is, a go-around message overrode any other,

3
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the longitudinal wind shear or vertical wind messages (these were alter-
nated 1f the sfituatlon had both conditions) alternated with the airspeed
warning and overrode the surface wind, and the afrspeed waraing overrode
the surface wind message. A technical description of the microprocessor

display and detalls of the calculations are given in Appendix C.

When the display was installed in the DC~-10 simulator and checked
out, it was found to operate intermittently, presumably because of noise
and/or crosstalk on the data and event lines from the simulation
computer. The troubles were reduced by filtering the lines and by
reprogramming the aslcroprocessor to pruvide some protection against
false signals, espucially in the computation of go-around advisory con-
ditionsg, All the problems were not eliminated, however, The micro-
processor display operated as designed through some of the simulation
run gcessions, but there were e¢nough faults to prevest a thorough cvalua-

Lion,

L. Angle of Attack

We hypothesized that i{nformation on airplane angle of attuck, q,
would be useful in afding the pilet to cope with updraft and downdraft
wind, and would be particularly important for the go-around maneuver.
Several candidates and displays were considered, but were rejected for
various technical reasons such as lack of proper filtering. We decided
that the most appropriate and effective way to use a information would
be to {ncorporate {t {nto the flight director steering and/or thrust
comands. The Collins~designed MFD algorithms for approach did not need
angle of attack; however, o terms were used {n the modified go-around

guidance with pood effect.
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IV PRECISION APPROACH STUDY

A, Situation Simulated

The simulated approach and landing scenario adopted for the preci-
sion approach study was o manually {lown, flight director ILS approach.
Simulated guidance signals fncluded beam bends and beam noise to repre-
sent a Category 1 1LS. Cloud cover wes simulated down to a breakout
aleitude of 150 feet sbove ground level (AGL), and simulated visual
conditions after breakout represented a runway visual range (RVR) of
5000 feet. The terrain model/closed-circuit television system used to
represent cloud cover during the approach and the external visual gcene
after breakout have been described fn Section 11, A 150-by-11,500-foot
runway with standard markings and Category 11 appreach and runway light-

ing was represented in the visual system,

Stmulated approach sequences were inftiated inside tha {inal
approach {i{x {Outer Marker) at an altitude of 1500 feet AGL with the
landing checklfist cempleted and the afreraft in the landing configura-
ticn (gear down and flaps extended). A landing gross weight of 350,000 1b
was adopted and all approaches were flown with 50* flaps. At run i{nitia-
tion, the afrcralt was positioned on glide slope and localfizer and sta-
bitized on a preselected target approach speed for the scheduled test
conditiona, The approach sequence was terminated after node-wheel touck-
down and a short rollout, after execution of a successful go-around

maneuver, or after the ocevrrence of a crash,

¥ind conditions were varled from run to run In accordance with the
acheduled exposure to wind-shear conditfons, as described below in
Section IV-B.

Runway elevation was set at 5300 feet MSL on all runs and the am-
bient temperature on the ground was set at 95°F, These landing conditions

cerrespond to an alr deasity environment of 9000 feet MSL.
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Systems Te~tad

1. The Primary Teut System: MFD/AA

The primary test system consists of an integrated combination of
the alding concepts that have produced the most sudstantiai improvement
in coping with low-level wind shear in earlier simulator evaluation

of this system and the tes instruments used

<

studies. The components <
in the present vaifdation study are shown {n Figure 10. A description

of the drive signal computations and pilor technique associated with

each component of this test system is given in Section IIT. In subsequent
discusslions of the evaluation plan and test results, this system will be

referred to as the MFB/AA configuration,

As {nafcated {n Figure 10, the MFD/AA configuration i{s defined by
the (ollowing components:

(1) MFD-~Pitch and r.il steering commands are based on the Collins
ntcelcxntlun~nubmentcd contrel laws for 1'S tracking; in the
go-around -sode {TOGA button depressed), a sodified pitch steer-
ing command {8 provided based on the SRl go-around guidance
computation.

(2) Thrust Command--The Fast/Slow {ndicator provides speed commands

based on the Collins algorichm with compensation for diminishing
headwinde (MFDP-2); on go-around, the Fast/Slew indicator dis-
plays angle-of-attack error.

t3)  Go-Around Advisorv~--A light mounted on the glare shield, above
the ADI, {lluminates when the acceleratfon margin algorithm
caliy for a go-around.

() Moving Tape Display--Analeg displays of airspeed, ground
sperdd, and acceleratfon demand are presented on the Kollsman
moving tape instrument, rather than on coaventional dial-

mofnter displays.

2. tomparisen Systemy

In erde- to obtaln more complete infermation on the MFD/AA test
syatem, {ts performance {n support ~f preciston ILS approach operations
was contrasted with two comparison systems. The first comparison system
was simply the unmdified DC-10 flight lasiruments and approach manage-
ment technique and {8 referred to as the "baseline' (BL) system. The

second comparison aystem represents o~ alternative way of presenting
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FAST/SLOW COMMAND
GO-AROUND ADVISORY

. BIASED FOR HEADWIND LOSS
LIGHT (aAl
MODIFED FLIGHT DIRECTOR
MOVING TAPE DISPLAY ~——STEERING COMMANDS FOR
* INDICATED AIRSPEED

APPROACH &WD GO-AROUND
¢ GROUND SPEED

® ACCELERATION DEMAND

FIGURE 10 SUBJECT PILOT'S INSTRUMENT PANEL CONFIGURATION

FOR THE MFD/AA TEST SYSTEM
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speed management and go-~around advisory information, and is8 referred to

as the CNS/RED configuration.

The {nstrument panel cenfiguration for the GNS/RED system 1s shown
in Figure 11, The distinguishing components of this system, also de-

gcribed {n Secrion 1lIl, are:

(1¥ The two-pointer display of airspeed and ground speed.
(2) Modificatfon of the Fast/Slow indicator to present ground
speed error or aifrspesd error.

(3) Standard DC-10 flight director for approach; modified go-around
guidance {s ava'‘lable on the plitch gteering command when TOGA

{s depressed.

(4) Wind condition and go-around advisories are displayed on the
Run Evaluation Display (RED), an alphanumeric readout located
Just above the radio and barometric altimeters.

The {nstrument panel configuration used for the baseline condizion
wns the same as tha. shown {n Figure 11 with the RED covered. On BL
runs the ground speed needle on the two-pointer display was biased to a
value bevond the normal range of approach speeds and was not used. In
addition, flight director steering commands and the Fast/Slow {ndicator

wore based on standard DC-10 specifications for both approach aand go-

around guldance.

C.  Evaluatfon Plan

b, subject Pilots

Ten currvently active transport pilots were recruited by FAA to serve
as subject piloty In thix study. Seven were DC-10 qualified airline
captains, representing six major domesatic carriers. Thelr total flying
time as pilot fn command ranged from 5000 to 28,000 hours and averaged
14,700 hours. Thefr time in the DC-10 ranged from 0 {L~1011 pilot) to
3500 hours and averaged 1084 hours. Four of these pilots had participated
in earlier phascs of this simulation program and werc thereby exposed to
some of the aiding systems and wind shears. The three non-airline pilots
were two FAA pilots with approximately 4000 hours each, and a Boeing
engineering test pilot with 9700 hours. Only one of these pllots was
DGC-10 qualified (75 hours) and two of the three were subject pilots in

earlier tests,.

38




By R A SRR X e R SO LW

(3]

SRS SRR

A o D

PR L e e R AR

b
<o oy KE s era gt Be

R R M 1 AN D R AT R R S

MODIFIED FAST/SLOW
INDICATOR FOR GROUND-SPEED/
AIRSPEED MANAGEMENT

—

PREF

/'

v

STANDARD DC-10 FLIGHT
DIRECTOR FOR APPROACH,
MODIFIED GO-ARQUND GUIDANCE

—

AUN EVALUATION DISPLAY

De—"TIITT7/) [GO ARND ACCEL LACK]

-
TWO-POINTER
DISPLAY OF
GRQUND SPEED
AND AIRSPEED

FIGURE N

39

)

k

1

SUBJECT PILOT'S INSTRUMENT PANEL CONFIGURATION
FOR THE GNS/RED TEST SYSTEM

e i <ot




Ly

SO AN i"ﬁl‘i%‘»"". AT RS TR T R T R TR SR R e S R R A R A T e R R R R e A 3 S e S A I I T T A e v A6 4 B

2. Experimental Design

FE—

The principal objective of the precision approach test was to demon-

strate the potential perfermance of the selected aiding systems in coping
with low-level shear of various types and levels of severity. As indi-

cated in the preceding section, the subject pilots were exceptionally

well qualified and it was assumed that their performance of the approach
management task, using the experimental aiding systems, would provide a
sound basis for estimacing the operational potential of these systems.
The primary basis for making this estimate was the data recorded on
approach outcomes for encounters with shear conditions classified in

" o1

previous hazard definitfon studies as representing "low," "moderate,"

and "high" levels of severity,

Objective approach outcome data were supplemented by pilot critiques
of the eiding systems rnd thelr acceptability for use in regular airline
operations, In this tist, primary emphasis was placed on the evaluation
of the MFD/4A system. However, the design also provided for a compara-
tive evaluation of the MFD/AA system with the DC-10 baseline system, and

with the alternative aiding concept represented in the GNS/RED system.

The dara collection plan adopted for this test is shown in Table 6.

Each subject pilot was assigned to fly three sessions in the simulator
and used a dffferent panel configuration in ecach session. As Table 6
shows, the plan did not provide for complete counterbalancing of pilot
exposure to the alding systems, to compensate for carry-over effects
(f.e., learning, motivation, fatigue, etc.) from one session to the
other. This was precluded by the time reguired to reconfigure the in-
strument panel between sessions. However, note that exposure to the
primary test system (MFD/A6A) occurred in the first gsession on half of
the gsesslons, and f{n the last session on the other half, allowing for

an assessment of order effects.

A single sessfon in the simulator consisted of a series of training
runs on the assigned test system rollowed by a standardized series of 5 .
data runs. Since some of the subject pilots were already familiar with

the aiding systems and with the Douglas simulator, the number of training

40
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Table 6

TEST PLAN ADOPTED FOR THE PRECISION APPROACH STUDY

Subject Test Conditions
Pllot First Session Second Session Third Session
1 MFD/AA BL GNS/RED
2 MFD/AA BL GNS/RED
3 MFD/AA BL GNS/aA*
4 MFD/AA BL GNS/RED
5 BL GNS/RED MFD/AA
6 BL GNS/RED MFD/AA
7 BL GNS/RED MFD/AA
8 8L GNS/RED MFD/AA
9 8L GNS/RED MFD/AA
10 MED/8A BL GNS/RED

*RED nat working properly--4A 1ight used for go~around advisories.

runs was not the same for all pllots. The intent was to provide for a
warm-up on the simulator and to then allow each pilot sufficient expo-
sure to the aiding system to ensure correct interpretation and use of
the experi{mental displays. The training was conducted by the project
pilot {n the right seat, and data runs were initiated only when both

pllots were satisfied that the test system would be used correctly.

The wind-shear profiles selected for both training and data runs
are {dentified in Table 7. The profile numbers used in this table refer
the reader to corresponding profile descriptiont given in Appendix A.
Note that the profiles used {or data runs did not include those used for
training; the test data are therefore independent of the training set.
The five wind profiles selected for the data run series in each session
were selected from the eight shown here and always included two low-
geverity shears (1 and 8), one moderate shear (2 or 9), and two high~-

severity shears selected from those shown. The order of pllot exposure
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Table 7

WIND PROFILES SELECTED FOR THE PRECISION APPROACH TEST

Wind Profile e Severity
Number ‘yp Level

Training Runs

0 No wind -

3 Thunderstorm High

7 Thunderstorm Moderate
Data Runs

1 Boundary layer Low

8 Thunderstorm Low

2 Warm front Moderate

9 Cold front Moderate

4 Thunderstorn High

5 Frontal High

6 Thunderstorm High

10 Thunderstorm High

to the shears on data runs was scrambled so that pilots would not be

able to anticipate the shear condftions in subsequent test sessions.

This experimental design provided test data on a total of 150
approach sequences (runs) and allowed estimates of operational perform-
ance to be based on 50 runs for cach of the three aiding configurations
tested. These 50 runs represent 5 data runs for each pilot and break
down into 20 runs each againat the low~ and high-severity shears and

10 runs against the moderate shear.

3. Teat Procedures

The approach scenario described {n Section IV~A was carried out in
the same manner on all data rums {n each of the three sessions., Pilots
were gcheduled In pairs and alternated sessions !n the simulator follow-
ing a master run schedule listing the sessions to be completed by each

pilot for each scheduled day of testing. On the {irst day, & thorough
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project orientation briefing was presented to each pilot, covering wind-
shear phenomena and background information on pilot technique and the
prior development of the pilot aiding systems. This briefing also pro-
vided a detalled description of each component of the test systems and
the ways they were intended to be used. Immediately prior to each
scheduled session, the scheduled pilot was again briefed on the cystem
he would be using in that session and on the procedures to be followed
in the simuelator. Debriefing sessions were conducted immediately after
esach simulutor session to record pilot reactions and asseasments of the

test systems on a debriefing questionnaire.

On the BL runs, pilots were briefed to couduct each approach as
they would in actual line operstions and to make approach continuation/

go~around decisions on the basfs of their usval assessments ol the flight

5
2.
i

aftuation, 7The project pilot in the right seat assumed all Virst Officer
duties and made standard callouts of altitude, afrspeed error, and ILS
devintions., 1he pilots knew that significant shcar conditions might

occur on any approach (but not which shear). and were bricfed to initiate

E a go-around promptly, {f they decided to do so, and to ure the proceduresr
[ recomnend 2d by Douglaa‘ for coping with the shear conditions encountered,
The essential feature of this procedure for purposes of this test s

expresand in the following excerpt:

"Upon encountering a decreased performance shear and/or dows-

b drafe, thrust and pitch attitude should be immediately increased
3 to maintain an acceptable alrspeed and flight pattern. Power

% shouid be immediately advanced te the go-around setting if

: necessary, and a go-around should be in{tiated when this type
of an encounter ocrcurs at low altitude. Stlck shaker speeds
ghould be known for the apprcach and go-around configuration,

3 and afrspeed should be traded down to the stick shaker speed

b if necessary to prevent ground impact."

On MFD/AA and GNS/RED sessions, pilots were briefed to carefully
follow the procedures prescribed for the use of these test systeas. For
test purposes, the use of fndividual pilot interpretations and techniques
was discouraged. For example, pilots were dbriefed to accept the occur-
rence of a go-around advisory as mandatory, and to Initiate this maneuver
; promptly rather than use their own discretion based on other instrument

indications.
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D. Results

Two kinds of measures were derived from the data recorded on each
test run: (1) a systen performance score, based on approach vutcomes,
and (2) a set of diagnostic indicators to provide additional information
on these outcomes and on the performance of each component of the test
gystems, The aystems performance scores were used as the primary basis
for assessing the operational validity of the test systems, and are
discussed first, A more detalled analysis of test system performance
is then presented in Section IV-D-2. The presentation of results is
then concluded with a discussion of subject oilot evaluations of the

systems tested.

1. Approach Qutcomes

A system performance score, ranging {n value from +10 to -10 points,
was assigned to each data run in accordance with the scheme described in
Appendix D.  As that discussion shows, the “system performance" score
carned on each run represents the effects of afrcraft performance capa-
bilitfes and pflot performance of the approach management task, as well
as the iufluence of the experimental afding systems., However, since the
aircraft, pllot, and environmental conditions (wind profiles, weather,
and 80 forth) were the same for all the test systems, their effects are
a common factor and the effect of the aiding system was i{solated and

assessed by comparisons with baseline performance.

Table 8 presents a tabulation of the number of approach outcomes
in each of the four possible performance classes for cach of the test
systems. This tabulation {s based on 50 approach outcomes for each rest
system and reflects performance across all of the wind-shear profiles
and levels of severity. The average performance score may thus be
construed as an overall {ndex of system performance. A more detailed

breakdown of the approach outcomes i{s given in Appendix G.
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Table 8

DISTRIBUTICN OF DATA RUNS BY SYSTEM PERFORMANCE
SCORE FOR EACH TEST SYSTEM*

| Number of Approaches
Go-Arounds Touchdowns Performance

Score

Success~ | Unsuccess- Out-of- Averaged

System ful ful In~limits limits dver Runs
Baseline 22 6 11 11 -0.02
MFD/AA 24 0 21 5 6.60
GNS/RED 28 ] 12 i0 2.68

*Based on data from 50 runs for each tesc system.

The average performance scores for the three test systems are
plotred f{n Figure 1Z. The MFD/AA system performed significantly better
than GNS/RED, which in turn was much better than BL. Further, the MFD/AA
score {8 quite close to the expected top level of performance (8.0, as
noted {n Appendix D) corresponding to the score that would be obtained
in a comparable flight simulation test with no wind shear. The MFD/AA
system theretore provided both a significant relative improvement over
Bl.,, and an absolute perfermance acceptably close to the top expected

value.

A more grophic presentatfon of the overcll performance of the test
systems is glven in Figure 13. This plot breaks the data rums down by
wind-shear severity and gives the mean performance score for each test

system. The mean performance scores are based on the number of data
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runs (n) shown for cach severity level, and were derived accordiang to
Appendix D. This plot shows that all of the 20 runs {lown with the

MFD/AA syste against high-severity shear conditfons resulted either in

a successful go-around or a within-limit touchdown. Figure 13 also shows
a substantial {mprovement in verf{ormance on low and moderate wind shears
for the MFD/AA system, and no substantial fmprovement over BL for the

GNS/RED system on these shear conditions.
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When mean performance scores are examined for each of the wind-ghear
profiles, as shown in Figure l4, a marked difterence 1s apparent in the
effecta of individual wind profiles on approach outcomes gnd on the com-
parisons across alfding svatema. Note that all of the BL runs against
wind profile 4 were scored a ~10 and that all were +10 on the remaining
high-severity shear conditions. As noted carlier, the MFD/AA system
produced +10 scores on all of the high-severity shears; this level of
performance was matched by the GNS/RED system on all but wind profile 5.
Figure 14 also shows that MFD/&A system performance was consistently
patter than BL on low- and modevate-severit, shear conditions., The con-
paratively lower scores indicated for this system on low- and moderate~
severity shears {s attributable, in part, to the penalties {mposed on
go-around on moderate shears (a go-saround advisory was generated on all

approaches agsafnst wind profile 2).




2
1

A T PR AT

<

AR AN R R I T T e T

Sl RS R R

R s TR I X R A Y R AT T TV R A XTI
T R R T B T R R e s Y e T A T Bt My rs g

p——

| 3

LEGEND:

J i1

BL GNS/RED MFD/aA

MEAN PERFORMANCE SCORE

-8 heo
.10 i ! 3 A 1 1 |
N 1 8 ., 2 8 ] & 6 10
Y b Y"'—"J - A -
LOwW MCD HIGH

YORD-SHEAR PROFILE

FIGURE 14 CONTRASY IN PERFORMANCE FOR INDIVIDUAL
WINDO-SHEAR PROFILES — PRECISION APPRQACH

The statistical significance of recorded differences In performance
dcores across all three test svatems was Lested using the Friedman two-
way analysis of vartance by ranks.® This test {s based on differences
i the performance scotes carned by ind{vidual subiect pilots when the
different afding systems were used. The teat indicated a probabil{ty of
less than .01 that diftevences {n pilot performance were independent of
the test systema used. A subsequent test of differences between the
performance of the BL svstem and the MFD/AA (Wilcoxon matched-pairs

signed-ranka test)’ was also significant at less than the .01 probability

level.

2. Analysis

Alrspeed management, Tifghv path control and the timely execution

of a go-avound, vhen necessary, are the basfc eclements of the approach
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management task, and the various components of the ailding systems were
expected to support and enhance pllot performance of cthese task elements,
The results presented {n this section provide an fndication of how well
these task elz2ments were Rupported by each of the test systems. In
practice, the approach management task muast be accomplished in an inte-
grated manner and “he interacting effects of the three task elements
caunot be cleanly distinguished; the data presented here should be inter-

preted with that In mind.

a. Alrspeed Management

The airspeed management technique embodied in the MFD/AA (MFDT-2)
and GNS/RED systems (afrspeed/ground speed error) were designed to mini-
afze airspeed loss with reaspect to desired approach speed (VAPP) by
calling for an alrvspeed pad based or a minimum prenlanned ground speed
(see Section i1t for detafla). The summary data plot in Figure 15 shows
that both of the test svstems were highly effective in minimizing air-
specd loss on all levels ot shear severity. The coded data points given
{n Figure 15¢(a) are the maximum drop {n afrspeed below VAPP. over the
500-to-100-foot approach segment, averaged across all runs against the
designated shear severity levels (n = 20 for low- and high-sevority
shears, and n = 10 {or moderate shears). As indicated, mean values

ceaverged to zero alrspeed drop fer the MFD/AA system.

The variability arcund these meann {8 plotted separately in Fig-
ure 15(b) to redure clutter. This plot showa that onc-sigma (standard
deviation) values were below 10 knots under all test conditions and that
they were iesz than 6 knots for the MFD/AA. Differences in variahility
appear to be attributable to the severity of the shear and are not rub-

stantially d{fferent for the three aiding systems.

The role of the ground speed management technique in controlling
airspeed loss {s shown In Figure 16. The data points in this plot are
the maximum drop {n ground speed be'ow the pregelected minimum for each
wind profile (GNSref)' again averageod over data runs under the three
levels of shear geverity. The mean values of less than 5 knots for the

two teat systems indicate that the subject pilots applied these techniques
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effectively~~{.e., grund speed was maintained at or above reference.
Under BL conditions, ground speed varied with the severity of the shear,
as expected, and averaged 30 koots below reference on the high-~severity

profiles.

A major concern relating te the ground speed technique is that the
high approach afrspecdis required to maintain GHSrQ{ might lead to un-
acceptably high speeds going into the landing maneuver, with subsequent
adverse effect on touchdown position (e.g., long landings). Figure 17(a)
indicates that mean af{rspeeds were somewhat higher than baseline when
this technique was used on high-severity shears. In Figure 17(b) we
show the average touchdown positions relative to the glide path intercept
point (GPIP) under sorresponding conditions, The data show that mean
touchdown positions were very close to the GPIP for the high-severity
ahears when the ground speed technique was used, with no tendency toward

long landings. One-sigma deviations in touchdown position for these
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conditions were 292 feet for the GNS/RED system and 688 feet for the
MFD/3A. Nore that baseline touchdowns for the high-severity shears

tended to be dangerously short.

b. Flight Path Control

Summary data on the accuracy of glide slope and localizer tracking
are plotted {n Figure 18, The data points {n these plots are mean values
of ILS deviations recorded on the 500 to 100-foot approach segment for
data runs under each level of shear severity. As shown i{n Figure 18(a),
glide slope tracking accuracy {mproved on all levels of shear severity
when the modified flight director was used (MFD/AA system). A similar
plot of the contrast in localizer tracking accuracy, shown in Figure 18(b),
indicates a slight trend toward more accurate tracking when the MFD is

used, but the differences are not of practical significance.

An i{mprovement in flight path control attributable te the MFD is
also shown {n Figure 19, The data points in this plot show the number
of approaches, relative to the total number attempted, that were within
acceptable flight path offset and rate-of-sink limits at the Inner Marker
position. For this assessment, llmiting values for flight path offsets
ware *28 feet (two dots) for glide slope, and *75 fect for localizer
(nominal runwav width); the rate-of-girk limit was 1500 feet/min. The
data show a substantial increase in the percentage of within-limit

approaches for the MFD/AA svatem, particularly on low and mederate shears,

C. Go-Around Perferumance

Earlier simulation studies pointed up the need for additional
assistance to the pilot for determining when a go-around would be the
best course of action on the more severe wind-shear conditions. In the
primary test system, this assistance was provided in the form of an
acceleration margin (.A) display and go-around advisory light. In the
baseline and GNS/RED systems the AA advisory was not used for deciding
to go-around, but the run data recorded the event if the AA criterion

was met,
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The performance of this go-around advisgory system for cach of the
wind-shear profiles applied during the test runs is summarized in
Table 9. This tabulation is based on 147 data runs and thus includes
data runs under other conditfons as well as those for the MFR/AA. The
count entered in the "Number of Advisories™ column is the number of
times AA reached its critical value (see Section 111 for description)
and is therefore the number of times an advisory was actually displayed

or would have been displayed. The occurrence of this event was recorded

on each run, whether the advisory was displayed or not, and this addi-

tionsl datum is reported for the more complete information it provides.

Table 9 shows that advisories were associated with high-severity

shears, except for profile 5, in evcry instance. Data on approach
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Table 9

TABULATION OF GO-AROUND ADVISORIES BY WIND-SHEAR
PROFILE FOR PRECISION APPROACH DATA RUNS (N = 147)*

Wind Profile Numher Number of Percent
Number of Runs Advisories of Runs

Low Severity

I e

1 29 5 17.2
8 30 0 0
; Moderate Severity
3 2 13 (1 84.6
3 Y 16 0 0
é High Severitv
4 23 23 100
3 5 12 0 0
6 10 10 100
3 10 14 14 100 ‘

*Data missing on three test ruas.

outcvomes show that 9 of the {2 runs agatnst profile 9 resulted in a
landing and that all but one of these tandings were within limits,. The
data may therefore be construed as showing the 2A technique to be re-

L ]

markably consistent and eftective fn providing warning for high-severity

shears.

The absence of anv advisory on proffles 8 and 9 alsoe indicates that

3 the AN system reliably distinguished low- and moderate~severity shears
3 and would not fssue false alarms in thesce instances, Hewever, profile 1
? has been shown te be negotiable by most pilots in several earlier studies,

s

and the five advisories associated with this shear condition may be con-~
astrued as false alams. The verv high percentage of advisories for pro-
file 2 {8 more difficult to interpret. Only 1 of 13 data runs on this
profile resulted in a landing, and that touchdown was out of limits,

with an unacceptably bigh lateral velocity (23 feet/s), and under base~-
line conditions (no display of advisories) the pilet clected to go-around

on & of the 5 runs, Tt would thus appear that go-around advisories are

St
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jusrified on this profile and that the high percentage of advisories

recorded indicate appropriate system performance.

Another aapect of the performance of the AA system is showm in
Figure 20. This summary data plot showa that adviscries were issued
early on the high- and moderate~severity shears, and {llustrates the
predictive nature of the AA advisory--{,e., the advisory is issued before
the major effect of the shear {8 encountered. Data points for BL runs
were substantially the same as those shown for the test systems, but
were omltted on this plot because advisories were not displayed under
this conditfon. The data for low-scverity shears refer to profile 1,
as indicated in Table 9, and show that this condition (rapid head-wind
shearout close to the ground) was not predicted by the system, and that

when an advisory was {ssued the aircraft was hazardously low.

The foregoing interpretation i{s supported by the data plotted in
Figure 21 on the execution of the go-around maneuver. The data points
here provide a8 rough indication of the guccess of the go-around by show-
ing the lowest a'titude to which the aircraft descended during the go-
arownd attempt. With no adviscories available on the BL condition, go-
arourds tended to be initiated at very low altitudes, while the aircraft
war In the midst of the shear encounter. The MFD/AA system provides
substantial protection against this hazardous outcome for high- and
moderate-severity shears, with go-arvunds completed at or above 400 feet

in the tvpical case.

The overall effect of having the go-around advisory displayed, and
of the avaflability of modified climbout guidauce for the go-around
mancuver, i{s indicated ip Table 10. This tabulation shows thz number of
go-arounds attempted under each test condition and ine number of these
attempts that were successful; the percentages shown in parentheses re-
late the number uf go~arounds to the corresponding number of data runs
for each test condition and indicate the success rates for these go-
arcund counts. The reader will recall that under baseline conditions,

no advisories were displayed,
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Table 10

TABULATION OF GO-AROUNDS BY WIND-SHEAR SEVERITY FOR
EACH TEST SYSTEM--PRECISION APPROACH

Test Number Number of Number
Cond{tion of Runy Go~-Arounds Succesuful :
Baseline ;
Low 20 7 (35%) 7 {100X) :
Hoderate ) 7 (702) 7 (1002)
High 20 T4 (70X) 8 (571)
MFED2ZA *
Low 20 2 (1o 2 (1007)
Moderate 10 5 (500) 5 (100%)
High 20 17 (850 17 1001) .
GNS/RED
LOW 20 9 (as1) 9 (100Y)
Modoerate 10 4 (41} 4 (1001
High n 15 (715X 19 (100%)

The data show a reduction {n the number of go-arounds for low- and
moderate-severity shears, and come {ncrease in high-severity shears,
when the MED/AA svaten s uged.  The famportant nusber to note in this
table {s the 100% success rate for the MFD AA svatem under high-severity
shear cond{tions and 118 contrast with the 57% success rate for the BL
syatem. Since "unsurcessf 31" ge-arounags are craszhes {n this study, the
success rate shown for the MDA svstem reprerents a substantial {m~-
provement {0 safety. The performance of the GNS/RED nvstem also shows
thia enhancemeny of saferv. While the number of go~arounds does not
differ substantfally {from Bl for this system, the 1007 success rate on
go-arounds {rom high-severfty shear encounters shows the same elimina-
tion of the unsucvesatul po~arounds as that obtained with the MFD/AA

aystem.

3. Pilet tvaluatfons

Buring the debriefing sessfons followinpg each data run series in
the similator, subtject pilots completed a questionnaire designed to

elicit thelr reactions to the test system they had just been exposed to
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and to racord thefr critique of {ts various functional compcnents. At
the end of the final session, the pllots completed a short extension of
this questi{onnaire to provide an overall indication of their agsessment
of the test systems and the simulation. The questionnaire 18 reproduced
in Appendix E, and a tabulation of subiect pilot responses to each ques-~

tion iR prowided. The highlights of those responses are presented here.

a. General Evaluatfon

kS

Both the MFD/&A and the CKNS/RED test system were scen as potential
solut{ons to the problem of low-level wind shear, based on the responses

of 8§ of the 10 pilots, The other two responses were more positive, indi-~

g
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cating that the two test svstems were acceptable solutfons., In contrast,
half ef the pilots rated the BL svitem as “no solution”, HNine pilots
judged the simulated wind-shear conditions to be "very realistic” or
"about ripht”, and only one considered them to be "much too severe"., All

10 pilots saw the overall simulation an “good" (6) or "very good" (4).

b.  Ground Speed Technique

As {n ecarlicr studiea, pilot evaluations of this technique were

psey T bty el L RSP R LR e

ZLkg

N3

very pesitive. Nine felt that the concept was "excellent” and all 10

pllota Indicated that they would iike ground speed displaved on the

R IEy

TR R T AT

approach, tnat the technique was practical for routing operations, and
that it should be taught to all pilets. Only 2 of the 10 pilots found

the two-pointer displav to be confusing, and 7 preferred this type of

ptesentation over the moving tape display used with the MFD/8A wyatem.
Thia preference probably reflects the influence of extensive prior ex-
perience with the pointer-scale type of display for primary flight in-
} struments. Six pilets reported prior experlence with vertical diaplays,
but for engine instruwaents rather than flight instruments. It is inter-
esting, hovever, that 4 pilots i{ndicated a preference for the tape

instriments st the end of the study.

All 10 pilots judged the incorporation of the additional ground
speed reference into the Past/Slow (¥F/3) indicator to be of value, with

6 indfcnting that 1t was "great” and 4 indicating that it "helps at
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times™,  Most of them (b)) reported usfng the F/$ indfcator as a secondary

sautee to the atrspeed indlcator tor speed management on approach.  Fight

fudged the B8 as "exvellent” for implementing the ground speed technique.

coo Meditied Flight Birector

Pllot gasessments of the €0 ins med{ttoatfon to t1ight director -
wteerfong commands (MFO was alse hitghly poaltive, ax {1 has been n
cariier evaluationn,  ALL 10 piivts rated it av "better” than the ntand-
ard Piight director, and ¥ ot thes preferred the MFD for sevore wind
vendittons. Four piiots preterted the MDD "at wid times", while % would

wanl (2 30 the alrplane "enly 2or tough, turbuleat approeaches” A major-

B

PPy s wantaodd oWl that would allow them to select the MFD or use

the ~landard fiight direstoer.

Meering commanda were not fudped o be exXcessively active by most
piieta, bt 4 oot the 10 teit that they were not able te {1y the approach
A pre inels an ther wenbd Tae, Moweser, 6 pliots tudged (e MED an
Tamenth eoeupt" 0 da =0 n cperations, and all 0 sadd 1t helped

them ta f1y 0 swie procise appreas b,

d. s ATound, Mdviceries apd ¢l imbout Gufdam e
Eipht pilote cotd they weald Jtke 1o have the acoeierstion margin

AY fastruments v thedr cockpit, and the nintl aaid he would ke {t
19 he conld have the Tight onlv, Al of them sald they accepted the

Tyeht as o valld gomarcund advisory "oest of the time”™ (72) or Yall of

the time™ s . With cne exoeption, thevy reported that thev used the
moving tape display of *A te sonftor thrust requirements (one did not

a¢e thia {nstiumenty, Thev felt that this displav provided a good clue

[
‘

power neecs and that the light (ame on "soon enough” for a timely

exe.ation . f (the av-around maneuver,

Pa reaponse to o goneral question on go-around technique, 6 of the
10 pilots sa:4 they bdelieved (t would be pafe to trade off airepeed for
Hish performan. o down o «t jck shaker speed, {f neceassary. Three others

would not gecept an atrepeed lexs than 10 knots belnw Vrcf‘ angé one pilot
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opted for 15 knots below., All of the 10 pilots indicated that they
wanted flight director assistance for the go-around maneuver and that
the mod{fied pitch steering commands were "very helpful" for climbout

guidance.

Pllot reactions to the Run Evaluation Display (RED) were also posi-
tive, with some reservations and mixed feelings expressed. Most of
them (8) indicated that they liked the go-around advisory features, and
6 out of 10 sald they would prefer to be afded in their decision by a
“black box". However, 3 pilots would not express a preference on this,
Only 6 would state positively that they would like to have the RED in
the cockpit; of the 10, 7 judged it to be "helpful at times', and 2
Judged {t as "very helpful”. The feature preferred by most pilots (8)
was the go-around advisorfes, and % pilots also i{ndicated that informa-
tion on aurface wind conditions was helpful. With one exception (no
response), the pilots safd that they had the first officer monitor the

RED and advise them of any signfficant display events.
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V  NON-PRECISION APPROACH STUDY

A, Situation Simuylated

The simulation scenario adopted for validation testing of the MFD/AA
and GNS/RED systefe 5a the non-precision approach was similar in many re-~
spects to the precision approach scenario described in Section IV, A
manual flight director approach was flown, and run {nitiatfon and termi-
nation conditions were the same, The simulated aircraft configuration,
wind-shear proflles, runway used, and ambient conditions (i.e., field
elevation 5,300 feot and 95°F afr temperature) were also the same. The
principal differences were that a "synthetic glide path," as described
in Section 1il, was used for vertical guidance rather than the 1LS glide
alope, and that ceiling an? visibility conditions were raised to non-
precision approach minimuss (400 feet breakout altitude and 5000 feet RVR).
Locallzcr guldance was available using the same ILS beam simulation &s that

used for the precisfon approach.

¥or the baseline conditfon, it was necessary to modify this scenario
to accommodate standard DC-10 procedures for a non~pracision ILS approach
(no glide slope). With ne synthetic glide path available, approach
sequences were {nitiated at (800 feet AGL with the aircraft in level
fiight and approaching the outer marker with landing gear down, flaps at
22, and speed stabiliized on the minfmum mancuvering airspeed for this
configuration. On arrival at the marker, the pilot 2ranaitioned to a
steep descent (approximately 100G ft/min), called for landing flaps (50"),
and began a final descent to the minimum descent altitude (MDA). Aircraft
landing gross welight and amblent conditions were the same &g those adopted
for the precisicn approach test. Most of the DC-10 qualified pilots
elected to use the flight guldance syatem in the "vertical speed” mode,
and thus used flight director pitch steering commands to maintain the
1000 feet/min initisl descent.
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After leveling oft at che MDA (350 feet AGL), the aircraft proceeded
to a DME~defined visual descent point (VDP) and, following visual ac-
quisition of the runway environment, esteblished a final glide path to
the runway and completed the approach by external visual reference. If
the runway environment wan not in sight 4t the VDP, or the approach
situat fon was otherwise unaccaptable to the pflot, a go-around was
fnitiated. The non-precision approach was terminated {n the same manner
as the precision approach--{.e., shortly after touchdown, after a

successful go-around, or after a crash,

B. Systems Teated

The MFD/AN was again the test system of primary i{nterest, and the
subject pilot's instrument panel configuration for this test condition
vag the same as that shown in Figure 10, The comparison system was
GNS/MF/R, the same as GNS/RED except that the modified flight director
steering commumnds on approach were used {nstead of the BL flight director
commands; the panel configuration did not differ from the arrangement
shown {n Yigure 11, Except for the pitch steering command, the functional
co@ponents of these test systems were also the same as described in
Sectfon IV. The faportant difference, as indicated above, was that piteh
steering comminds were based on the "Synthetic Glide Path" computation
described {n Section 11T, rather than on 1LS glide slope deviation. The
Bl system was the same in all respects as that described earlier for the

precision approach study.

€. Evaluation Tlan

1. Subject Pilots

Ten additional transport pilotg were recruited by FAA to serve as
subject pilots in this study. This group included six airline pilots,
from three different carriers, with an average total {lying time cf more
than 20,000 hours. Four of these pliots were DC~10 qualified and their
time In the DC-10 averaged 180" hours. The group also included two

engineering test pilots, both with about 9000 hours total time; one of
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these pilots, from Douglas, had 2100 hours in the DC-10. The two remain-
ing pllots were U.S. Afr Force pilots, with an average command-pilot time
of 4400 hours. Four of these 10 pilots had participated in earlier
phases of the wind-shear program and were thus familfar with some of the

alding systems and wind shears,

2. Experimental Design

The objectives and the approach to afding system evaluation followed
a pattern similar to that described for the preclsfon approach. The data
collection plan for the non-precision approach study is shown in Table 11.
Subject pllots are designated by numbers il through 20 to distinguish them
from the first 10. Each pilot was scheduled for thrce sessions in the
simulator and was exposed to the three different aiding conditions in
the order shown. Note that ¢xposure to the display conditions was again

partfally counterbalanced to control for order effects.

Run schedules for ecach sessfon provided for familiarization and
trafining during the first part of the scasion and then a series of five
data runs. Wind-shear proffles used for training and data runs were the
same as thone identified earlier in Table 7., The order of pilot exposure
to the shear conditions on the data runs was again scrambled so that

pilots would not be able o anticipate particular wind shear effects.

Teat procedures, pilot scheduling, and data rveduction and analysis
were the same as these described {n Section IV for the precision approach
study. Test data were obtainced on a total of 140 approach sequences, and
estimates of the operational performnce of the test systems on the non-
precision approach were based on 50 runs under BL and MFD/&A conditions,
and on 40 runs using the GNS/MF/R system, Ten data runs were lost for
the latter system because the RED unit was not working properly for the

test sessions on the first pair of pilots.
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11

TEST PLAN ADOPTED FOR THE NON-PRECISION APPROACH STUDY

Subject Pllot

Test Condition

First Sessfon

Second Session

Third Session

11
12
13
14
15
16
17
18
19
20

MED/ LA
MFD/AA
MED/LA
MFD/2A
BL
Bl
BL
Bl
BL
Bl

BL

BL

BL

BL
GNS/MF/R
GNS/MF/R
GNS/MF/R
GNS/NMF/R
GNS/MF/R
GNS/MF/R

GNS fHF/R*
GNS/MF/R*
GNS/MF/R
GNS/MF/R
MFD/AA
MFD/AA
MFD/4A
MFD/AA
MFD/LA
MFD/aA

Y
RED not working properly during these two sessfons; data were not

used,
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A tabulation of the number of non-precisicn approach outcomes in

cach of the four possible system parformance classes {8 given {n Table

12 for each test system.

A more detalled breakdown is given in Appendix

G. Note that evaluation of the ONS/MF/R system 18 based on 40 runs

(8 pilots) because ten data runs were invalid due to RED malfunction.

Table 12

DISTRIBUTION OF DATA RUNS BY SYSTEM PERFORMANCE
SCORE YOR EACH TEST SYSTEM--NON~-PRECISION APPROACH

Number of Approaches
Go-Aroundu Touchdowns Pcrgormancc
Score
Success- Unsuc~ in- Out-of- | Total Averaged

System ful cessful limits limits Runsa Over Runs
Baseline 25 3 15 7 50 1.90
MED/LA 25 } 23 1 50 6.90
GNS/MF/R 19 - 19 ) 40 L4.17

X

Based on %0 data runs {or BL and MFD/MA and on 40 runs for the
GNS/MF/R system (scc Section V-C); thus, percentages are comparable
for GNS/MF/R, but counts ars

not.

The trend in performance scores is similar to the results obtained
on the precision approach, with an {mprovement shown for the MFD/AA;
GNS/MF/R performance ir agnin about midway between BL and the MFD/AA.
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FIGURE 22 SYSTEM PERFORMANCE -~ NON-PRECISION APPROACH

The average performance scores for ecach of the test systems are
plotted In Figure 22. While the GNS/MF/R score is somewhat better than
Bl., the MFD/AA system is significantly better than both. Note also thut
in absolute terms the MFD/AA score is close to the 8.0 top level, which
corresponds to the score that would be expected in a comparable DC-10
simulaticn test with no wind shear (Appeadix D). These data show that
MFD/3A both provides a significant relative improvement over BL and
performs in an absolute sense acceptably close to the expected top

s8core.
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A breakdowa of mean performance scores for each level of wind-shear

severity is plotted in Figure 23.

This plot shows a more substantial

improvement in performance for the MFD/4A system on low and moderate

shears, over BL procedures, than that obtained in the precisioa approach

study.
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FIGURE 23

In Figure 24,

CONTRAST IN PERFORMANCE FOR EACH LEVEL
WIND-SHEAR SEVERITY —. NON-PRECISION APPAOACH

wean performance scores are compared anross

systems to show the effects of individual wind-ghear profiles.

apparent that profiles B and 4 were particularly difficult for

the test
1t is
the Bl

syasteam, and that no improvement over BL is shown for high~severity
As indicated in Figure 23, the MFD/AA performed

profiles 5 and 10,

gubstantially better than Bl on low and moderate shears.

Most of the

{mprovement using this test system on high-severity shears occurred on

profile 4.
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FIGURE 24 CONTRAST IN PERFORMANCE FOR INDIVIDUAL WIND-SHEAR
PROFILES — NOH-PRECISION APPROACH

The Friedman test” ghows a probability of .02 that the differences
fn performance scores, examined across subject pilots, were independent
of the test system used. A suhsequent test (Wilcoxon) of the differences
tn performance between Bl and the MFD/3A system was statistically

significant at less than the .0l probability level.

2. Analysis

Tne following analysis of airspeed management, flight path control,
and go-around performance will parallel the analysis given in Section IV-D
for the precisfon approach. For the non~precision approach, however,
direct comparisons between baseline and test system performance will not
be meaningful {n some instances bLecause of the differences in approach
management procedure. The principal diffeyrences arise from the use of

the synthetic glide path (see Section V-A) for the test systems, which
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produces a vertical flight profile that is more like the precision

approach than the standard, step-down non-precision approach procedure.

a. Afrspeed Maaagement

Summary data plotted in Figure 25 show that the ground speed
management technique was used effectively to control for airspeed loss.
The data points in Figure 25(a) are the maximum drop in airspeed below
Vapp for the 500~ to 100-foot approach segment, averaged across pilots
for the three shear severity levels, and show the expected reduction in
alrspead loss wnen the test systems were used, The corresponding plot
glven in Figure 25(b) for ground speed drop shows that the technique was
used correctly--{,¢., pilots were able to hold ground speed at or above

the reference value.

Figure 26(a) shous that airspeced error during the shear encounters
was held to about 8 knots under baseline conditions and that speed pads
23 high as 22 knots, con a one-sigma basis, were recorded for high-severity
shears when the test systems were used. The variability in airspeed
error is {ndicated by the vertfcal lines extending ecbove and below the
highest and lowest data points to represent one standard devistion from
the plotted values. Corresponding data on touchdowr positions are given
in Figure 26(b) and show no tendency toward long landings when the afr-
speed pad is used, The greater dispersion in touchdown position shown
for the BL condition (vertical lines) is probably attributable more to
var{ability in glide path control on the final approach segment than to
differences in afrspced management technique. One-sigma deviations fin
touchdown position recorded for the test systems on high~severity shears

were about 750 fest.

b, Flight Path Control

Data plots {in Figure 27(a) indicate that glide path tracking ac~
curacy using the synthetic glide path technique was comperable to that
achieved on the precision approach using the ILS glide slope (see
F{gure 18 for comparison). The data points reflect glide path displace-
ments over the 500- to 100-foot approach segment where most of the
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wind-shear effect was encountered. As Indicated, average rums displace-
ments on the order of 1/2 dot were recorded, and variability across
subject pilots (indicated by vertical lines above and below data points)
was generally within one dot on a one-sigma basis. The substantial
reduction {n variabilicy shown for the MFD/AA system on high-severity
shears {8 attributable to the fact that go-arounds were executed on all
of the severe shears except profile 5, a frontal shear condition with

no turbulence and producing gradually increasing performance down to

abeut 150 feet above the rvunway,

Figure 27(b) shows that tight glide path tracking generally produced
approach outcomes that were within 22 dot offset limits at the Ianer
Marker position (1860 feet from the GPLIP {n this simulation). The data
also show that these limity were exceeded, on a one-sigmn basis, in some

{nstlances,

¢.  Go-around Performance

The acceleration margin computation (LA) wan again used as the sole
basis for displaying go-around ad¢isories on the MFD/LA system (and as
the principal basis on the CXS/MF/H svatem), and the performance of this
technique {s tabulated in Table 11 for cach level of shear severity, In
this tabulation, baseline data runs were omitted hecause recorded values
of 3A on the utep~down brselive procedure are not commensurate with those
obtained on the test avatem runs. The data show the same trend as those

recorded on the precisfon appreach,

wWith the exception of two runs on prefile 4, and excluding the eight
runs on profile 5 that alwvavs terminated with « within-1imit touchdown,
advisorles were {asued on all of the high-severity shear conditions.
The nearly complete absence of advisorics on the low-severity shears and
onn the moderate profile 9 agaln show that the 3A system reifably dis-
tinguishes non-hazardous shear conditions and indicates a very low false-
alarm rate. A high percentage of advisories {s agsin shown for the
profile 2, and in view of the poor landing outcomes recorded for this
shear when {t was attempted (507 outside limits), the advisory appaars

to be jurtiffed on this high-cross-wind-component cond{tion.
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Table 13

TABULATIOR OF GO-ARQUND ADVISORIES BY WIND SHEAR
PROFILE FOR DATA RUNS--NON-PRECISION APPROACH

(N = 90)*
Wind Profile Rimber Number of Percent
Nunber of Runs Advisories of Runs
lLow Severity
i 19 1 5
8 17 0 0
3 Moderate Severity
r« 2 9 6 66
E 9 9 0 0
£
: High Severity
4 14 12 86
5 R 0 0
o 5 4 100
E 10 9 9 100

]
50 Baneline runs not {ncladed; data alssing on 10
GNS/HMF/R runa,

The tabulation given in Table 14 shown the number of go~arow 8
actually atteopted under cach fevel of shear severfty and the correspond-
ing number of successful attempts. The percentages shown in parentheses
reiate these numsbers to the total nusder of data runs for each test
condition. The data show a reduction in the go-around rate on low-
severity shears, velative to baseline; for both teszt systems, and a
vreduction in go-aroundr on the moderate shear f{ov the GR5/MF/R system.

Az expected, the go-around rate Vor high-severity shears increased when

the MFD/4\ svstem wag used.

i -
|

ARSI e SR Y I s f%EEEWNﬁﬂﬂu-lq?--q-—--qnyga




AN s P B I e AT N S e R A e A SR WA P RN S R NS X PR GAS S AR ST U e S ey a8 AR S P o s ooy
i

Table 14

N R A PR

TABULATION OF GO AROUNDS BY WIND-SHEAR SEVERITY
FOR EACH TEST SYSTEM--NON-PRECIS1ON APPROACH
1 Number Number of Number
Ter N
3 fest Condltlon of Runu Co-Arounds Successful
f Baseline
i l.ow 20 11 (55%) 11 (1002)
3 Moderate 10 5 (50%) 5 (100%)
é High 20 12 {601) 2 ( 15%)
§
g MFD/ LA
é Low 20 5 {25%) 5 (100%)
? Mederate 10 5 (50%) 5 (1007)
3 High 20 16 (80X) 15 ( 94%)
. NS ZMF/R
3 Low 16 7 (44%) 7 (100%)
1 Moderate 8 1 (12%) 1 (1007%)
1 HEgh 16 7 (441) 7 (1002)
L The increasc in the percentage of successful go-arounds on high-
3 severity srhears is agals considered to be the {mportant result in this
: tatulation, Under beaseline conditions, 257 of the go-around nttempte
g resulted {n ground contact (crashes), and this percentage was reduced
3 to 6% for the MFD/LA aystem and to zere for the GNS/MF/K. This finding
% is consistent with the data shown {n Table 10 for the precision approach.
3 J. Pilot Evaluntions

After thelr sessions in the DC-10 simulator, the subjeci pilots
wera intarviewed informally and were axked to answer queationnaires on
their reactions to the test runs and thelr estimates of the acceptability
of the various alding concepts. The questionnalires arz reproduced in
Appendix F, showing the numbera of different answers given by the 10

pllota,

The key point ig whether a3 system tested uffered a solution to the
wind-shear problem on non-precisfon approach and landiag (“General,”

questiona 1 and 2, Appendix F}. The pilets judged the standard or BL
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system to be "no solutlon' or only a "basis for a potential solution."
Thelr response for the primary system, MFD/SA, was 8 out of 10 for "basis"
or “solution," significantly higher than for baseline. Also the alternate

system, CONS/MNF/R, was judged almost as good as MFD/aA.

Cn the subject of thelr experfence with non-precision approach (NPA)

operations ("Operations,"

quentions 1-9), the pilots safd that NPA 1is
slgnificantly wore difflcult than a precision approach; they made an
average of 17.5 NPAs {n the past vear and all but one uaed the flight
director. The three-step NPA mancuver [consirting of relatively steep
descent {rom outer marker to minimum descent altitude (MDA), level out
untll runway Is sighted, and final descent to landing by visual reference)
ts used normally hy alwoat all. The (iral landing mascuver is the most
difficult part sccording to half, while altitude control during the level
part wans soat difficult for most of the others. If they had to wmake a

go-arvound, 6 out of 10 thought that atick-shaker {s the minimum safe

speed ("Go-Arcund,” question 1),

The quality of the IX-10 simulator waz judged “good” to "very gool."
and the wind profiices were considered to be realistic (“General,"

questions 1 and 4).

The need for ground speed fnformation and the usefulness of the
ground speed/alrspecd concept were endersed by all hands. The major
reservation, to quote one pllot, was "GNS/IAS speed concept 8 good,
provided reported winds on ground arve good." The dual-needle (Vo) dia~
play of GNS and TAS was judped practical, and only one pilot found that
£t produced confusion, 1In the comparison of the dunl-needle with the
moving-tape display, the choice was about half and half ("General,"
question b, and “Ground Speed,” question 6) altheugh only 4 out of 10

had previous experience with {nstrumsentsz of the vertical tape type.

All the pllofs had used previously a flight director with a Fast/
Slow command for thrust managesment, 6 out of 10 making {t their primary
speed control. This wethod of mechanizing the speed control function

vas endorsed almest unanimously.
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The Collins MFD was preferred over BL by all hands; it was not found
to call for any unszafe action, and wis judged not "too active" by 9/10
of the pllots, To quote one pllot, "MFD {8 better for approach guidance,

but rough on passengers.” Howevur, 9 out of 10 found it smooth encugh
for day-to-day airline operstions, Tne synthetic glide path for NPA
also drew high marks, being found valuable and significantly lowering

workload ("Operations," question 10). The MFD with synthetic glide path
helped make a oore precise approach. UOn the question of when to use the
MFD, 8 out of 10 recommended {ts use for all approaches, and 6 out of 10

recommended againat the optional selection of MFD or baseline.

On wxecuting a go-around maneuver, all the pilots found the flight
director and the mydifled go-around steering commends to be halpful,
The modified algoritha gave larger pitch commands than were comfortable,
according to 4 out of 10, but secmed about right to the rest., Also,
some half of the pilots endorsea the display of angle of attack during a
go-around, bur a sigatficant number (4 out of 10) were uncertailn about

this {nformation,

The acveleration~margin concept was heartily endarsed, nll pilots
agreelng that they vould like to have the instrument {n the cockpit and
that the light gave a timely go-around warnfng., In using the instrument,
most (7 out of 10) gaw it only occasionally and used ft to sxonitor the

need for thruat.

Evaluat{on of the mivroprocessor-hased alphanusmeric display (RED)
was not so favorable. A majority ludged it to be helpful ("Operations,”

question 12, and "Run Evajuation Displav,”

questions 5 and 6). all

pilots had ft monitored by the copilot rather than watching it themselves.
The go-around advisory messages were judged to be the wmost useful of the
RED funztions by most (8/i0) pilots. Comsents by two pllots were
enlightening: "RED was helpful, but I couldn't absorb/digest the
fntelligenne fn the time exposure,” and "l was toc busy with the new
fnstruments to read the messages; alse, I appreciated the wind information,
but depended on the first officer to relay it to me.” It was notable that
all the pilots stated that thev would prelat to he aided by “a black box"

in making a go-around decision.
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VI TAKEOFF STUDY

Al Situation Simulated

The simulation scenario adopted for the takeoff study was designed

3 to represent a normal, full-thrust takeoff with reference speeds based
E . on an alvcraft gross welght of 375,000 1b and a 22° flap settinrg., Alr
é densitry and temperature conditions represented {n the simulation were

set far a sea revel field elovatfon and a standard day. The runway was

e ue

150 by 10,400 feet ond there were no visibility restrictions,

2

Five wind protiles weve developed especially tor the takeoff tests

and are f{dentified in Appendix A as prefiles 11 through 15. The first

LY Kk

{o

four profiley are thunderstorm wind [iclds characterized by a substantial
headwind shearout during ihe first 500 feet of the climbout., On three

of these thunderstorn shears (profiles 11, 13, and 14), the headwind

T TE RR H DT T A

shearout {s accompanied by a downdraft in excesns of 10 kpsts.,  The fifth

1!

wind proff{le (No. 1%} represents a trontal shear, with o milder headwind

shearout eccurring {n combinat{on with a downdraft of less than 5 knots,

Takeoff sequen es werey (nitiated trom brake release with the air-
craft on the runway centeriine.  The subject pflol advanced the throtules
to takeoff posftion where they were trimmed {or a 1027 ¥y setting by the
"Flrat Officer” (FO) {n the right seat. The FO culled out Vi (130 knots)
and Vp (136 kaotr), and the piflot exccuted a normal rotation and climbout

following the test procedure to be deseribed in Section VI-C, below.

B,  Svatems Tested

PP gy lo - ARl iy

All takeoff sequences were flown using the instrument panel config-
uratfon shown {n Figure 10 for the MFD/AA test system. However, the
only element of this test aystem considered appropriate to the takeoff
situation {8 the medified fli{ght director pitch steering commonds de-

veloped for go-around guidance (see description fn Sectien II1}, The
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standard DC-1C pitch steering command for takeoff, which attempts te
stabilize the c¢limbout at V) + 10 (158 knots) and incorporates a minimum

angle-of-attack refereance, was used as a baseline comparison system.

To obtain additional {nformation on possible control strategies for
coping with the shear encounter on takeoff, two vartfatfons on the use of
the modified {1ight director and two variations of the baseline procedure

were tested. The tour resulting test situations were defined as {ollows:

(1) Follow standard DC~10 pitch steering command {mmediately after

I'ot.’![hm. this is BI..

(2) Pttch up to 15 at rotation and thercafier sttempt to establish
and maintaln Vi v 10 by reference to the afvspeed Indicator,
with no pitch steering command available; hereafter referred
to as "no flight director™ (NOFD);

(N Follow the modiffed pitch steering compand immediantely after
rotation; horeafrer reforrod to as "MPD at 1ift-off" (MPD);

(4) Use BL procedure {or rotation and fnftial climb and switch to
MPD when shear gf(c‘(s are encountered; hereafter referred to
as "MPD apt TCon' (MPD apt),

C. Evaluat ion Pian

The basic intent of the takeoff xtudy was to obtain additfonal data
on the etfects of the fow-level shear encounter during the tokeoff se-
quence and to conduct an informal evaluatfon of the differences, {f any,
fa adopting the {fcur . Hmbout sontrel strategles just described. Accord-
ingly, no !ormal experimental desfgn was developed and no special scoring

scheme for takeoff outcones was defined,

The "subject pllots™ fur this exercise were the two Bunker-Rumo
project pilots and an FAA pilot. These three pilots have had extensive
expericnce with the FAA wind-shear program, have participated in earlier
simulation studies, and were thoroughly {amfliar with the wind-ghear
condittonn. Each of these three pilots flew four J-run test series, one
for each of the alternative climbout control strategies. The evaluation
of takeoff ocutcomes was thus based on a total of 60 data runs, and con-
trasts between aslternative control strategies were based on 13 runs

using each technique.
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Each session consisted of a brief training series on the selected

control tecimique and then one data vun for each of the five wind pro-
files. On BL and NOFD runs, the pilots made thelr best effort to get
through the shear without excesaive altitude loss or crashing. When
elther version of the MPD technique was used, the pilots attempted to
follow the steering commands ax closely as possible so that an evaluation
of the effectiveness of the flight director could be obtained. In all

instances, takeoff power was Iniftially set at 102X of Nj, and when severe

shear effects were encountered the thiottles were advanced to sn over-

boost condition of 1131 of Nj.

TR P T

D.  Results

The outcomes of the takeoff attempts through the five test shear

conditions were remarkably conststent for the three pilots and, for the

TR AT L A

most part, showed little difference across the four control strategies.

e

Typical responses to the different shear conditicns are {llustrated in

Let

Figures 28 and 29, The traces shown in Figure 28 for cach wind profile

are strip-chart recordings obtuined for the baseline procedure. Those

{n Figure 29 are for a different pilot using the MPD at 1ift-off.

These traces show that encounters with the combined headwind shear-
out and {ow-level downdraft (protiles 13 and 14) were extremely hazardous
for both Bl and the test system. Crashes were recorded on all of the
test runs under these conditfoas, On profile 1}, the severast portion

of the dewndraft is encountered nbove 500 feet and, terrain permitting,

AL QPR e o BRSO SR TR v B

oA ATy Al

this shear might be survivable. Note, however, that a 500-foot loss of
altitude {8 typical for this shear condition, and the location of the
shear encounter relative to :errafin features in the airport surroundings
would be a critical factor. Encounters with the milder thunderstorm
profile with no downdraft (profile 12) and with the frontal shear (pro-
file 15) were omparatively benign; none of the pilots had any diffi-
culty ciinmbing through these conditions using any of the four centrol

strategles,

A more complete assessment of the outcomes of these shear encounters

for cach of the alternative control strategles is given {n Table 15,
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Table 15

TABULATION OF TAKECFF OUTCOMES FOR EACH TEST
SYSTEM AND CONTROL STRATEGY

Control
Strategy
8 \OF MPD opt .
Takeof [ Bl NOFD MPD op
Outcome by
Wind Profile
Number of crashes
WP 11 1 0 0 0
wp 12 0 0 0 4]
WP 13 3 2 3 3
WP 14 3 2 3 3
we 15 Y 0 o 0
Total 7 4 6 6
Mean Alrspeed
Loss (kt)
WP 11 22 30 35 31
WP 12 13 14 13 12
WP 13 12 21 24 15
WP 14 14 24 39 25
WP 15 14 11 9 13
Mean Altitude
loss (ft)
wr 11 4377 S30 213 553
WP 12 20 20 20 27
WP 13 230 233 287 220
WP 14 290 290 233 280
WP 15 0 0 0 13
Mean Recovery
Altitude (ft)
WP 11 165 210 233 160 .
WP 12 240 250 193 223 *
wP 13 0 60 0 0
w14 0 0 0 0
WP 15 it * * «
*Under these test conditions, cl{mbout was accomplished 3

with ac significant loss of altitude, so “recovery
altitude" is not applicable.

88

AT 2 e amt

%

%
<

<

Ut 7 BV £l AVt ™ s A

R arss ——
e an e e MR v . AR IR i W ot e



sty "‘J?«é’/ﬂ#—g‘m‘

Summary data on takeoff outcomes are provided for four key flight situa-

tioa parameters for each combination of wind-shear and control technique,

A e R

The "number of crashes' {s self explanatory. Mean values of afrspeed
loss, altitude loss, and recovery altitude are based on three runs for

each test condition-~i.e., they are averaged across pllots,

The data {udicate that crashes occurred on approximately one-third
of the takeoff sttempts (6 or 7 out of 20) for all teat systems and con~
trol strategles except the "no flight director™ (NOFD) condition. On
the NOFD runs, no flight director pitch sreering was available and the
pilots attempted to trade airspeed for climd performance, down to stick
shaker, when the shear was encountered. This technique saved one of the
three takeoif attempts against both of the most hazardous shears (13 and

14), aud thus reduced the overall crash rate to 20X (4 out of 20),

In genetal, afrapeed and altftude loss during the shear encounters
was about the same for the alternative control strategles for a given
wind profile. On profile 11, the average alritude loss using the MPD at
11ft-0off was substuntially less than for the other three techniques. A
slight trend toward better performance for the MPD is also shown for the
more difficult proffle 14, but the differences were not enough to reduce
the relative number of crashes the overall pleture given by the takeoff
i outcome data, then, is thatr individual wind-shear o ffects were dominant

and that none of the aiding technlques tested cculd cepe cffectively with
the combined effecta of a headwind shearout and downdraft during the

firat 500 feet of tha climbout.
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VI1 CONCLUSIONS AND RECOMMENDATIONS

sredoe Bk

In this section, the wajor findings of the study are summarized

P e e

. and related to the objectives of the test program, Since the primary
concern of the study was to demonstrate the potential operational per-

AT

formance of the MFD/AA system, the presentation of conclusions emphasizes

the performance of that syetem and {ts component systems and features.

For a morc complete presentation and discussion of the data supporting

g o4 s

this summary of test results, the resder is referred to the preceding

.

sactions of the report.

Following the presentation of conclusions is a discussion of recom-

mendations relating to the interpretation of test results, the need for

BT ISR Lo 4 e T T o O TULI LYY

ndditional development of airborne systems, and reguirements for further
development of tast procedures for qualifying airborne wind-shear manage-
ment syatums,

A R AL s il

PRSI RS SPRI S

A. Conclusions

1. MFD/AA System Performance

59 kS g o
BN o AR S e Ml sl

LR oty
o i

Approach outcome data for both the precision and non~-precision

St bt

approach demonstrate n substantial and operationally significant in~ 2
crease in the safc management of low-level shear encounters when the A

pilot-aiding features of the MFD/AA system are available. This system

produced within-limit touchdowns or successfully executed go-arounds on

all of the more hazardous high-severity shear encounters for the pre-

b it 2 y
RO LA

K o v

g cision approach; on the non-precision approach this level of performance

Sy

was achieved on all but one of the high-severity shear encounters. In

contrast, unsafe approanch outcomes were recorded for 40X of the high-
saverity shear encounters (8 out of 20) under baseline cenditions for
the precision approach, and for 30% of the nofi-precision approaches (6

out of 20) when baseliae procedures were used.
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Although approach outcomes on the low- and moderate-severity shears
were substantially better than baseline when the MFD/AA system was used,
the overall level of performance on these less-hazardous shear encounters
did not completely satisfy our criteria. Out-of-limit approach outcomes

were recorded on 17X of the precision approaches (5 out of 30) for low

and moderate shear conditions. However, an out-of-limit result was recorded

on only one of the 30 non-precision approaches for these shear conditions.
The comparative drop in overall MFD/AA system performance on the low and
moderate shears was due primarily to the go-arounds recovded for these
conditions, These go-arounds were successful, and operational safety

was not Impaired. However, they were construced as demonstrating less-than~

perfect performance of the go-around advisory feature of the test systenm,

2. Role of Go-Around Advisori{es and Improved Climbout Guidance

The go-around advisories based on acceleration margin, and the
modified pitch steering provided for go-around guidance, are considered
to be the principal basis for the marked improvement in the safe manage-
ment of high-severity shear encounters that was demonstrated in this
study. Both the MFD/AA and the GNS/RED systems generated timely go-around
advisories on the most scvere shears (profiles 4, 6, and 10) for all of
the precision appreoaches (and for all but two of the non-precision
approaches) and guccessful go~arounds were accomplished in every case.
On the less severe profile 5, no advisories were generated, and within-
1iait landings were recorded for all of the encounters with this shear.
This finding contrasts sharply with the 57 success rate (8 out of 14)
for go-around attempts against the same shear conditions using the base-

line system,

With some exceptions, tbe go-around advisory system reliably dis-
tinguished the less hazardous low and moderately severe shears., However,
in the precision approach study advisories were penerated on 17X of the
encounters with profile 1 (classified as "low" severity) and on 85X of
the encounters with profile 2 (classified as "moderate" severity). These
findings could be construed as representing a substantial “false" or

"nuisance” alarm rate. However, the subject pilots were nearly unanimous
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in rejecting the approaches attempted under profile 2 conditions, due to
the excessive cross-wind that persisted to a very low altitude. Profile
1 can be negotiated but has high shear rates at low sltitude. We would

therefore conclude that the advisory system performed appropriately on

et Sttt s

profile 2 and that a warning would be advisable on profils 1.

3. Performance of the Synthetic Giide Path

R A

Approach outcomes on the non-precision approach, when the Collins-

devaloped synthetic glide path technique was used, showed the same high

AT

level of performance as that recorded on the precisidn approach using
ILS guidancu and the modified flight director. An even greater improve- 3

ment over baseline system performance was recorded on low- and moderate-

severity shears., On the overall asscssment of approach outcomes, the
MFD/AA system performance was very close to the highest expected scere,

¥e concluded that the synthetic glide path technique, used in conjunctien
with the go-around guidance feature, was a critical factor in demonstrating

improved performance on the non-precision approach.

4. Pilot Alding on Takeoff

The results of the takeoff study indicate that neither the standard
flight director nor the modified pitch steering commands were effective
for coping with the more severe shear encounters occurring in the first
500 feet of the climbout. On shear encounters characterized by the
combined effects of a headwind loss and a downdraft i{n this altitude

range, ncne of the takeoff attempte were successful when any form of

\}‘g
]
:%
33
3
2
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3
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3
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pitch steering command was followed. A slight insrease in the pilot's
ability to manage this type of shear encounter was recorded when pitch

steering commands were oot used and the pilot nursed the aircraft through
the shear, trading off airspecd down to stick shsker speeds to avoid
ground contact. We conclude that none of the takeoff control strategies
tested contribute in any substantial way to the low-level wind-shear

problems for takeoff operations.
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5. Pilot Evaluations

o A s T Lt 5l e

Subject pilot critiques of the test systems indlcated a very high
positive acceptance of the alding features tested and a positive asseas-

men. of thelr effectiveness and practical value for managing the low-

level shear encounter. Most of the pilots felt that the MPD/AA systen
represented a sound "solution" for the wind-shear problem or that it .

had excellent potential, As in previous studies, the ground speced man-

2

S O A B B S8 bt U sl A A bt

agement and modified flight director steering were very highly regarded,
and thelr fmplementation in the afrline cockpit for routine use was

endarsed by all of the pilots.

The general asscssment of che go~around system was also positive,
in that all of the pilots accepted the advisories as valid, at ieast
most of the time, and they were unanimous in their acceptance of some
form of flight director assistance for the go-around maneuver. The

advigory light was judged to be more acceptable than the alphanumeric

readout (RED), although more than half of the pllots liked the additional
fnformation available {n the RED display concept. As snticipated, pilot

aircraft but not in others arc not measured currently to the necessary

reactions to the moving tape display were mixed, with less than half of }
4

them Indfcating a preference for this type of presentation. 3
-

b

B.  Recommendations un Instrumentation ¥
The aiding systems that showed a significant performance improvement ?

over baseline in wind shear required fnstrumentation of certain aircraft é
varfables and wind components that ara not available in many current %
aircraft, Certain other required quantities that are available in some %

accuracy or with the required response tima, Wind shear is a dynamic
phenomenon, so the smoothing (or averaging) time of an instrument must
be chosen carefully to respond quickly enocugh without being so fast that
it is overexcited by turbulence. Of the quantities that are usually not
available or not measured adequately, the most fmportant are discussed
in the following paragraphs.
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1. Ground Speed :

Speed over the ground, or (approximately the same) slant range rate

to the glide path intercept point on the runway, is a missing gtate

variable in many approaches and is neaded for detormination of longitud-
inal wind at the airplane. As George J. Moussally has shown!?, the
significant factors in ground speed measurement for coping with wind shear
are update time, accuracy, bias error, and smoothing time, It was asssumed
here that the measurement will be made on-board the airplane so there

will be no transmission delay. Figure 30 shows the relationship

T 00 lp u L RAN . St s E b Th et B
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between the acceptable values of rms random error, smoothing time, and
update rate. Moussally also found that a bias error within the &5 krot
limits would be acceptable.

SEEGE cEa e B4 L PR L S

On other programs the FAA is conduciing research and development

projects on cost-effective techniques for airborne measurement of ground-

spred that will meet the above spectfications. We racommend that these

projects be continued to a successful conclusion and a demonstration of

N ot b

commercial feasibility. We also recemmend that inzSrumentation of ground

LoBOWEA o in s LM taa g 2,

speed vo the above specifications bz mide a requirement in any system for

Aaikh

coping with low=-level wind shear.

2. Alcitude and Altitude Rate

Reasonably nccurate and responsive measurcment of altitude above

Lo b W e

e e o it S A s SRR 3 2 o

the runway level {8 a requirement; in many cases, altitude above the

| terrate under the approach path will do as well. The accuracy required
will of coursc depend on the visibility; in a visualemeteorological-
conditions non-precision approach to a 350-foot ceiling and 5000-foot
runway visual range (RVR), an rms error of 13 feet or less has been

§ found acceptable (App. B).

A tpons e 208508, Bty S R v o

In the same way, an altitude rate mcasurement of good quality is
required for tight path-following and for timely response to changes in

vertical winds. Acceptable smoothing times have been found to be about

5 530 7 SN

1.0 s (App. B). This fs much lower than the smoothing times of many

vertical rate fastruments in current use, and in fact is comparable to

that of a modern instantaneous vertical indicator (IVSI). We recommend

st s

that altitude and altitude rate measurements meeting these specifications

B

be required {n any aiding system.

%
2

RO,

3. Runway Winds

The tests veported here support a firm requirement for accurate

knowledge of the winds on the runway; the along-runway component is

needed by algorithms such as the acceleration margin and the airspeed/

96
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ground-speed technique, and the crois-wind component is needed to enable
the pilot to anticipat: his lateral control action. On approach and
landing the wind readings are needed in the touchdown zone; on takeoff
they should be read at both the near and far ends of the runway. BRecause
the winds can change rupidly in wind-shear situations such as thunder-
storms, the data should be transmitted to the pilot with as little delay

as possible,” certalnly no greater than 1.5 minutes.

Misasurement of winds at poings on the runwvay is mswde difficult by
the occurrence of wake gusnts from aircraft landing or taking off., On
uther projects the FAA is developing and depliying at many alrporss an
array of ground-level wind scnsors that will measure the winds at several
points of the afrport territory., It scems likely that winds at the
desired points on a runway can be ostimated with sufffcient accuracy by
interpolatiag the readings of the multiple sensors. We recommend that

the FAA include an investigation of this technique in its R&D program.

C. Recommendations on Alding Systems

The MFD/AA system performed well enough to be recommended as a
soluticn to the wind-shear problem on approach and landing., We do not
mean to izply, of course, that MFD/AA is the only solution nor even that
it {s the most cconomical solution. We can ounly say that it is the
system that has buan found to work, and that the line of development we
took (starting with minimal changes to the DC-10 instrumentation and
introducing more complexity only when needed for improved performance)

implies that {t should be recasonably cost effective,

Note that the MFD/AA system consists of four functional elements:
a programmed speed pad when anticipating a head-wind loss (provided by
the Yast/Slow algorithm and tiarust control procedure based on ground
speed), tight path control (provided by the modified flight director
steering), a go-around decisinn aid (provided by the acceleration margin
computation), ¢nd a ainimun~height-loss guidance aid for go-around
(provided by the modified go-around steering command on the flight
director). Even with all the simulator tents rand analytical work that
have been done, it i{s not easy to assess the rciative merit of the
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individual functional elements. However, we have tested’ the speed
control and MFD without the go-around aids and have found the performance,
while better than baseline, not to be adequate. Therefore we recommend
that any aidfng system for wind shear include an effective form of go-

around aid.

Perhaps the most lmportant thing to come out of the series of wind-
shear tests and experiments is the design of a practical and effective
experimental procedqure for testing proposed aiding systems for approach
and landing. The procedure is that used in the precision approach and
non-precisfon approach tests reported here, and includes the following
ingredienta:

e A collection of realistic three-dimensional wind models of three

levels of severity., The wind field includes Soth shesr and

turbulence (when eppropriate), and is programmed as functions of
altitude and displacement,

e An alvplane simulator of good quality with a good visual scene
generator. In theose turbulent and dyanmic wind conditions,
simulator motion i8 needed for fidelity and for providing the
pilot realistic cues. The afrplanc simulated is close to the
upper limit of the normal range of landing waight.

e Participation of some 8 to 10 subjezt pilots, preferably with
experience in airline operutions; the test results are averaged
across the pilots to compensate for different proficiencies,

e Presentation of wind profiles and aiding systems to the subject
pllots is counterbalanced and randomized to compensate for
learning and fatigue,

e The traintng or familiarization runs include some wind profiles
with shear, but do not include the test profiles.

o A performance scoring method like that described in Appendix D
is adopted.
We recommend that a test of this type be prescribed for the qualifica-
tion of any candidate aiding system. The MFD/AA has, of course, passed
the teat, To be considered successful, a candidate system should be
required to show both a significant improvement (for example, a mean
score difference of at least 4.5 using Appendix D) over conventional or
baseline approach management, and an adnquate absolute lével of performance

(for instance, a mean score of 6.0 or more).
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D. Recommendat ions on Takeoffs

The tests show that there arce realistic wind-shear conditions that,
occurring on takeoff, exceed the aerodynamic and thrust capability of the
airplane. An attempt to make a normal takeoff in such a situation cannot
be retrieved by pilot action. The most appropriate recourses we have
found are to not attempt to take off at all, to take off in a different
direction, or to prulong the takeoff roll so that rotation will lift the
airplane off with 20 knots or more of excess airspeed. Either action,
in practice, requires advance notice (that is, prior to starting the

takeoff roll) of the wind-shear condition and location.

Such advance notfice {s not easy to provide; if required to be based
on exact measurements, the Instrumentation may well be prohibitively
expensive. Hovever, thare {s a possibility that a useful warning could
be developed by comparing the ground-level winds at the near end of the
runway, the far end, and some farther point on an extension of the
runway centerline. These data could perhaps be obtained by processing
the readings of the wind-sensor arrays, mentioned above, that the FAA
i{s installing at many airports. The information should be transmitted
to the pilot with small delay, of course; 1.5 minutces would seem to be
the maximum acceptable.? We recommend that the FAA continue examination
of the problem presented by wind shear on takeoff, and that analysis of
the feasibility of the warning based on ground-level wind data be included
in the investigacion.

99

S N o i e ARSI S ooy W8T etz % v e ot A P PN

T

"

~iae i BAis Zan aafer Sve dn Lt

e e
ity




A Tl

FGS S

RO A N e S e e o

P I S

R

AT GR e TS T P T, ST LULSE S e AT -3
A R R R S T} T S R e T T (T s T e e,

R TF

Appendix A

DESCRIPTION OF WIND PROFILES

The first ter diagrams in this appendix show the mean wind ccmponents,
as encountered on a 2° glide slope, for the approach wind profiles used
in these tests, The takeoff wind profile wind components, as encountered

on a 6° departure path, are shown in plots 11-15.

1. Mean Wind Specification

Each wind profile includes three wind components specified as a
function of both altitude and distance along track. Each component is
specifiad as a table lookup function with up to 21 altitude values and
up to 16 distance values with straight-line interpclation between points,
The altitude pofii.t are not equally spaced nor are they the same for each
wind profile, althoug:. *hey are the same over all distance values of a
given profile. The maximu. amount of storage required for the mean wind

values s 3 x 2] x 16 = 1008 puints,

2, Turbulence Specification

Turbulence parameters are included with each wind-shear profile.
Six parameters (3 rms intensities and 3 scale iengths) are each specified
as a function of altitude using a table lookup function with up to 21
altitude values. The maximum amount of storage required for the turbulence
associated with a wind profile is 6 x 21 = 126 points. This brings the
maximum total sturage for a wind profile with turbulence to 1008 + 126 =

1134 points,

The turbulence models used are developed from the Dryden spectra.
Turbulcnce wind components are generated by feeding a random, white,
zero aean, unit-variance input into a filter F(s). Transfer [unctions

are as follows:
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lLaplace transform variable.

Basic sources and procedures used to develop these wind models have

been reported”.
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Appendix B

SENSOR MODELS

Wind shear and its effects on aircraft are dynamic phenomena, so
the performance of an aiding device or instrumert will depend on the
accuracy and dynamic behavior of the sensors that supply the information
on which the device operates. Accuracy can usually be assessed in a
simulation by including random noise terms. The fundamental parameters
governing dynamic response are time delay (or update time) and smoothing
time (or bandwidth). This appendix shows the models used in the DC-10
simclator to accept the ideal computed values and produce simulated
measuring device outputs. The outputs of the sensor models drove the

corresponding instruments and displays used in the test,

The models are shown in block diagram form with the linear transfer
functions given in terms of Laplace transforms with "s,"” the complex
frequency variable. It should be remarked that capacity limitations in
the simulation computer allowed no more than two independent random

number generators for simulation of noise terms,

The following variables were used directly--that is, the "sensed"

quantity was identical to the ideal quantity computed for the simulated
airplane:

e Pitch angle, 8, positive up {(deg)

o Longitudinal wind at near end of runway, YUX ad? taflwind
positive (knots) &

e longitudinal wind at far end of runway, VWXfat’ tcilwind
positive (knots) v

The following sensed quantities were computed by a Douglas model of a
3° ILS:
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e Glide slope deviation, 4GS, positive high (deg)
e Localizer deviation, ALOC, positive right (deg).

RRCNE RV PSP

The other quantities were computed as shown in the models depicted below.

et

Ground Speed: 5

¢

é

X sample and G\ GKS sensed :

“*1  hold fo —

airplane 0.5 8 r s+ 1 (knots) 3
longitudinal ) ;
velocity 3
-4

noise G, Gy is a scale factor to give i

— A 8 2

random, white, cH GNS in knots 3

zero-mean, unit

variance Ggn is a scale factor to give

4 knots rme at imput to sum,

Note: This model for ground speed can represent a device such as a
measurement using phase comparison or Doppler shift of a tone modulated

onto one of the ILS carriers. :

PROMTHRS

Height Above Ground:

Hy H s.ised B

+ - 3

airplane altitude above ground (feet, + up) E

7 Gyr is a scale factor 3

noise 1 p to give 13,2 feat b

> »{ HR rms at input to o

random, white, 0.58+1 difference. :
zero~-m¢an, unit =
variance §
Note: This model {8 an approximate repregentation of the vnutput of a é
radio altimeter on approach over comparatively level terrain with E
buildings positioned randomly (e.g., Denver, Colorado). ;
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Angle of Attack:

%y Go
i

airplane angle +1
of attack 0.5u

a sensed .
(deg, + up)

s Gu is a scale factor to give u in degrees.

True Alrspeed:

e e bt T A

3
4
!
<
k4
Af
':E
‘s
b
xj
2]
P

.
;
r
3
:}E
4
3
3
H

TAS GA TAS sensed

airplane true airspeed s +1 (knots)

GA is scale factor to give TAS in knots,

Vertical Velocity:

e E N SN e et Yo 0k, 7K I ML o0 Byt ek SRR, e 2

| R - CHD H sensed

\ ' aircraft altitude rate 8+ 1 (feet/s, + up)
% % Gyp 18 scale factor to give H in ft/s.
L
E ‘5
?’ 4 Indicated Airspeed: ;
;‘;"{

. IAS > Gy IAS sensed

aircraft indicated g +1 (knots)
airspeed

GA is scale factor to give IAS in knots,
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Appendix C

TECHNICAL DESCRIPTION OF RUN EVALUATION (MICROPROCESSOR) DISPLAY

A 20-character alphanumeric dirplay was developed to provide informa-
tion on the runway winds and the winds at the aircraft, to give warning
of high or low speed, and to advise a go-around 1f the situation called
for it. The operation of the unit and its set of messages are discussed
in Section II1I-H. This appendix gives a technical review of the display's
design and construction.

The message formats, the set of messages, and the algorithms were
designed by W, H. Foy (SRI) with the help of G. J. Moussally (SRI) and
W. O. Nice (BR). The microproceasor prograsming and hardware implementa-
tion work was led by M. G. Keenan and R, D, Daniel, with the support of
D. W. Ellis, J. H. Priedigkeit and C. E. Wisclmeyer, all of SRI.

Figure C-1 shows the hardware layout of the display and its associ-
ated equipment. The 12 analog data lines carried de rignals from the
Sigma-5 simulation computer; the TOGA, "run rcset" and "mission start"
lines were binury logic signals also from the computer. The analoy lines
were multiplexed, sampled, and converted to digital data words by the
A/D converter. A Motorola M6800 microprocessor was the central digical
processor that made the calculations and controlled the displays. With
it were a 2-kbyte read-and-write mewmory (RAM) and fuur programmable read-
only-memory (PROM) chips each of 2 kbytes. The RAM held data values,
results of calculations, and message codes; the PROMs held the routines
and constant quantitfes. The microprocessor output port drove the lines
to the two 20-character display units.

The logic that governed the display operation is diagrammed in the
flowchart of Figure C~2, and the message types are summsrized in Table
C-1. At the start of an approach the airplane situation is calm, sc
the displays show the NR-FAR message indicating runway winds. During
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FIGURE C-2 DISPLAY LOGIC
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Table C-1

MESSAGES ON RUN EVALUATION DISPLAY

Longitudinal winds along runway
NR HW 23K FAR TW 1UK
Longitudinal wind shear

HW (or TW) DEC (or INC) SP LOSS (or GAIN) 33K/H
Vertical wind

VERT W UPDRAFT (or DOWNDRAFT) 21K
Adrapeed warning
SPEED HIGH FOR FLAPS
Co-around advisories (airplane before runway threshold)
GO ARND UNDERSHOOT
GO ARND ACCEL LACK
GO ARND OFF TO RIGHT (or LEFT)
GO ARND SPEED LOW
Go-around advisories (airplane across runway threshold)
GQ ARND OVERSHOOT
GO ARND DESCENT RATE

the approach, if a go-around is Iindicated, the main loop is exited, the
appropriate CO-ARND messaga is blinked until the pilot responds by push-
ing the TOGA button, and then the message is held untfl the approach is
terminated. If no go-around is advised, the routines test for "wind
warning indicated?” and “speed high?'; 1f both these conditfomns occur,
the ISS switeh (Figure C-2) causes the SPEED wessage or a wind warning
message to be put on the displays alternately on each pass around the
loop., When a wind warning is indicated, the routines display a VERT W
message if vertical winds greater than 5 knots are detected, or a HW(TW)
INC(DEC) message if longitudinal wind shear greater than 8 knots per
100 feet of altitude change 1s‘eatimated: if both occur, the IWS switch
alternates the messages on the loop passes, In this way a GO-ARND con-
dition takes top priority, and a SPEED or VERT W or wind-shear warning
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will override the NR-FAR message. The main loop will be exited if the
run is terminated, indicated by a "run reset” signal.

Table C~2 lists the variables that were needed as inputs and the
various quantities that were computed in order to determine the appro-

priate message to be displayed.

Table C-2

QUANTITIES IN DISPLAY COMPUTATIONS

Inputs
Pitch angle 0 positive up (deg)
Angle of attack a positive up (deg)
True airspeed TAS (knots)
Ground speed GNS (knots)
Altitude above runway H positive up (feet)
Vertical velocity fi positive up (feet/s)

Longitudinal wind at runway near end VWXgn4 positive tailwind (knots)

: 1e yn RPC A Rt e e et £t e Pt
2k ke SV R s b Rt e B AR

Longitudinal wind at runway far end VWXg,, positive tailwind (knots)

Localizer deviation 410C positive to right (deg)

Longitudinal displacement X positive in direction of
approach, X = 0 at glidepath
intcrcapt (feet)

Acceleration demand Aden (knots/s)

Indicated airspeed 1AS (knuts)

Constants %
Adr density p (slug/feotd) %
Acceleration of gravity 8o (feet/s?) é
Runway length 1y (feet) §
Nominal glideslope atgile GSA (deg) §
Weight of ajrplone W (1b) g
Reference wing area S (fbetik , ;%
Drag coefficients Cou» CLREF \f%
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Table C-2 (Concluded)

Lift coefficients
Maximum available thrust

Computed Quantities
Alr-mass flight-path augle

Longitudinal wind at airplane
Vertical wind at afirplanc
Estimated height losw on go-around
Distance to stop on ‘runway
Acceleration margin

Clearance altitude

Allowable descent rate at landing
Longitudinal wind shear

Cior Crar Comax
Ty (1b)

va (deg)

Vux (knots, + tailwind)
Vun (knots, + up)

Mg, (feet)

AXpyp (feet)

4A (knots/s)

Hopy (feet)

th (feet/s)

AVy (knots/foot)

DO iy e

The calculations may be summarized as follows:

o W2 L ALY F3 % G ks et O E 8

e Ceneral--winds

T“ ®« 0 ~ g

FOONDOY My

Vux = (GNS) - (TAS) cos L

vVh = 3 - £T$3§ sin Ta
AV w WX gnd
W R’
o Estimated height loss on go-around
AHSO = gpproximation dependent on ﬁ. TAS, V., , W, Tﬂ, p3

developed from the differential equations of motion. .

RY Dol e iy

(1

(3 Pyenc e

e Distance from preaent pesition to touchdown (past vunway
threshold)

~H(GNS) /N when H < = 1

ZaTAt et Sy P h s dyor oo ey

2 H(GNS) when 0 2 B > - 1

gp *

G+ia+dw (ons) when it > 0. :
5*aRYE :
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e Distance from presunt position to stop on runway

- 3
Axtun AXTD + ﬁxstop :
with Axstop = the wet-rurway stopping distance, dependent on ;
GNS, wasnd, V"xfar’ W, and p; developed from straight-line

Interpolations in the table of braking distances.
® Acceleration margin

8A = Acap B Adem

with Acap = 1,0 knots/s.

e )

e Minimum clearance altitude
I {(-x ~ 1750) tan 1.15° if x < - 1750

obs 0 1f x > - 1750
where X = ~1000 feet is the runway threshold.

BRI G

o Maximum safe descent rate (past runway threshold)

th -'/100 + 8 (H)

When these quantities were computed, the program was then ready to test

for the following alam and warning conditions:

" Scrpa— ,
R PP 2, ST Y L PSSP RO AL L e AT LEY LN 4 XN DAL, o i Ao 2

o
g o Go-atround alarm——If the airplane is before runway threshold
? (X < - 1000), count the indicated GO AWND alarm condition when:
§ H-A48H4 < B, +40 Undershoot
i go o3
% . AA < O Acceleration lack
é ; ALOC > 0.32° Off to right
£ ALOC < = 0.32° Off to left
% ¢ 1AS < 116 knots speed low, i
. ; If the a’rplanc¢ has crossed the runway threshold (X > - 1000), %
¥ : count the indicated GO ARND alarm condition when: 4
: K
P X + 8X_ 41000 > 1_ - 300 Overshoot *
run X
H <~ vfh Descent rate,
¢ Wind warning--Generate a wind warning with the indicated
mesgsage when: 4
jav,,| > 0.08 knots/ft  HW (or TW) shear ji
[Vl > 5 knots Vertical wind.
i
121 %




o Alrspeed warning--Generate a SPEED HIGH message when:
1IAS > 170 %nots Speed high for flaps.

These tests contained several "alarm limits" and "safety margins" that
depend on the characteristics of the simulated DC-10 airplane and were
chosen empirically. Some analytical work would be required if this

display were to bhe adapted to another type of alrcrafe, .

DAY YT A S PP Tt voriary haprener

As usual in s microprocessor job, writing the program code con-

WIS Bt

stituted a major part of the effort, The M6500 i{s crganized to handle .
8-bit bytes. An 8-bit input data sample could fit in one byte, but

9 s LA e AT 1A

many more significant bits were required to get the necessary accuracy
in the {ntermediate calculations. Therefore a special floating point i
data-~word format was used: one byte held the exponent and the next g
byte held the mantissa, Special mathematical routines were written to
manipulate these data words. Various message formatting, input/output
and computation routines were also required, In all, the programming
effort involved writing and checking out some 59 separate routines, as

ligted i{n Table C-3. Much of this program development was done on a

PANPrT R AR

time~sharing computer service that provided an M68B00 development package.

The justification for undertaking this development is that the

T M o

programming job i8 a one-~time task, With it completed, the cost of
any additfonal display unit is the cost of the hardware only. As Table :

C-4 shows, the hardware in the microprocessor display unit for the

Ty

gimulactor came tc a total of 52154,
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Table C-3

MICROPROCESSOR PROGRAMS

Name Purpose og“::::g
Executive and Computational Routines
EXEC Executive routine for run evaluation display 240
WSTST Test for wind shear and vertical winds 227
GACUND Test for go-around because of undershoot 79
GACACC Test for go-around due to acceleration margin 244
GACR Test for go-around due to right deviation 46
GACL Test for go-around due to left deviation 46
CACSPD Test for go-around due to low airspeed 46
GACOVR Test for go-around due to predicted overshoot i02
GACDRT Test for go-around due to high descent rate LX)
GAFGST Set flags for the go-arnund conditions 9
ASTEST Test for alrspeed too high for flaps 33
FLGCLR Clear all condition flags 31
INCAL Inftialize flags, messages, and computations 30
X1x Compute distance from runway threshold 61
NFWIND Put the variabie numbers into NR-FAR message 57
KTOFS Convert knots to feet per sccond 15
SLCON Store constants for the landing situation 48
GAVAL Issue go-around advisory only after three consecu- 15
tive alarms
WINDM Select proper wind shear message 49
CONVXC Convert X-coarse fnput to floated number 39
GORNDM Select proper go-arcund message 55
STEXP Store exponents for A/D conversions 32
INS4 £xecute 4 consecutive INS ingtructions 3
SLIM Store constants for test limits 20
GENCAL Compute ya, vertical wind and wind shear 210
LANDCO Compute distance to stop, cleararice altitude, maxi- 328

mum desdcent rate
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Table C-3 (Continued)

Name Purpose o?u:;zzs
HLGAM Compute height loss on a go-around 881
XSTOP Compute stopping roll distance on runway 283

Input/Output Routines

OCINIT Initialize for character output 10
0Cbise Put out a 20-character message to displays 63
OCCLD Clear the characters of the displays 13
OCRITE Pass alphanumeric characters to displays 14
DLY1S Delay for 1 g 16
D1OOMS Delay for 100 mg 13
DLY1MS Delay for 1 ms 8
TOGA Service the TOGA {nterrupt

ATOD Accept fnputs from A/D converter 67
MISHUN Service the mission-start interrupt and set flag 7
EXLOAD Transfer exponent file from ROM to RAM 38
ASDID 2dd bias values to the inputs 99
MSGF Store the characters for the messages 340

MLOAD Transfer message file from ROM to RAM 38
HXDSP Put 2 hex characters from A register on display 43
MSAME Check current meswcage to see if different from 39

last

DIAG Diagnostic routine for the display 155
DuMpP Dump the memory on the display 63
VECT Store the reset and interrupt vectors 8

Mathematical Routines
Add or subtract two l6-bit fixed-point numbers 77
Tsake absolute value of 16~bit fixed-point number 65
Floating-point-multiply two floated nunbers 215
Add/Subtract two floated numbers 148
Compute sine andi tangent for a floated number 77
Invert a floated number, 1/X 125
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Table C-3 (Concluded)

A e R A et B il s £ AT s BB RNG bl L e b e S i e,

N P Number
ame urpose of Bytes
SQRT Take the square root of a floated number 181
. FPNOR Normalize an unnormalized floated number 95
FPCMP Compare two floated numbers 42
. COSDEG Compute the cogsine of a floated number in degrees 85
ARCTAN Convert an arctangent to degrees 60
FP211 Convert floated number te a l-byte positive 23
integar
12482 Convert a l-byte positive integer to ASCII code 35
Table C-4
LIST OF MATERIAL IN DISPLAY
Item Number Unit Cost Amount
Intel Corp.
2716 EPROM 4 $ 62.50 $250.00
2134 RAM 2 35.00 70.00
Burr-Brown Research Corp.
MP4216 A/D card 1 195.00 195.00
Pro-Log Corp.
PLS-868 microcomputer card 1 265.00 265.00
CR-5A card cage 1 72.00 72.00
P562 utility card 1 22,50 22,50
P560 card extender 1 31.50 31.50
Digital Electronics Corp.
DE/320 alphanumeric display 2 350.00 700,00
Abbott Laboratories
Z5T10 power supply 250,00 250.00
Power supply + 15 volts 1 50,00 50.00
Misc., hardware and parts 250,00
Total $2156.00
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Appendix D

APPROACH AiD LANDING PERFORMANCE SCORING

Evaluation of the parformance of any system offered as an aid to
the pilot in coping with wind shear is a complex matter. Any objective
measure applied to simulation runs will be influenced by pilot profici-
ency as well as system utility, so the evaluator must average over
several pilots. Each simulated approach can end with a touchdown or a
go-around, and the merit of these responses will depend on the situation
~~the system/pilot should be able to make a successful landing when the
wind shear is of low severity, but a go-around is appropriate with a
high-severity profile., However, it would surely be an unrealistic and
inept exercise to test againgt high-scverity winds only, and let the
system/pilot make nothing but go-arounds., Further, it has appecared in
previous wind-shear simulation trials that the most difficult situation
for a go-around advisory subsystem is presented by a wind-shear profile
of moderate severity. Thus it follows that the test should include a
mix of wind profile severities, and system performance should be marked

down for go-arounds on low and moderate profiles.

With these considerations we designed a test for each system/pilot
that involved two low-severity profiles, one moderate and two high, A
system performance score, ranging in value from +10 to ~1l0 points, was
assigned to each data run in accordance with the scheme presented in
Table D-1, MNote that four possible approach outcomes are distinguished
and that the number of points assigned to each outcome is determined by
the severity of the wind-shear profile and the action of the go-around
advisory system, A fully acceptable outcome, earning 10U points, was
recorded for either a within-limit landing, when ne go-around advisory
was displayed, or for any successful go~around against a high-severity
shear. Less than 10 points were earned for successful go-arounds on

low and moderate severity shears because these conditions have been
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Table D-1

SYSTEM PERFORMANCE SCORES FOR ALTERNATIVE
APPROACH OUTCOMES AND WIND-SHEAR SEVERITY LEVELS

Wind Shear Severity
Low | Moderate | High

Approach Outcowe

No go-around advisory

-Touchdown within limits® | +10 +10 +10
~Touchdown outside limits | -10 ~10 -10
-Successful go-around -5 + 2 +10
~Unsuccessful go-around® | -10 -10 -10

Co-around advisory

~Touchdown within limits + ¥ $
~Touchdown outside limits ¥ ¥ ¥
-Successful go-around -5 + 2 +10
~Unsuccessful go-around -10 ~10 -10

*Touchdown limits are given in Table D-2.

*Adircraft contacts ground during go-around attempt
(not within touchdewn limits).

*Invalid run because¢ contrary to test procedure;
event recorded for consideration as "false"
advisory. Run was repeated,

shovm to be negotiable by most pilots in earlier simulation studies; in
effect, the sysvem {s penalized for unnecessary go-around advisories or

"nuisance alarms."

Out~of-limit landings and unsuccessful go-arounds were regarded as
very hazardous outcomes or outright crashes and vere assigned a score
of -10. An unsuccessful go-around was recorded when the aircraft
contacted the ground during the attempt; this condition does not include
go~arounds converted to a successful landing (within~limit touchdown)
or safe touch-and-go maneuvers. The baseline system did not have a
mechanism for advising go-around, so its runs were scored with only the
“no advisory" part of Table D-1. The aiding systems tested did include

go-around advisories and the pilot was asked always to execute a
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go-around when advised; if he did not, the run was not scored and was
repeated. The circumstance where the aiding system did not issue a go-

around advisory but the pilot decided to go around is somewhat anomalous
~-~is it a system failure ("missed alarm") or is it due to poor approach
management? As it turned out, this condition did not occur, so the

question did not have to be answered,

The limiting values on airplane touchdown position, velocities, and
attitude taken to define "within-limit" landings are given in Table D-2,
All these are related directly to DC-10 landing specifications, with one
exception--the DC-10 limit on touchdown descent rate is 10 feet/s while
the limit we used was l4. This change was made because experience in
the simulator showed that hard landings occurred much more often, even
with no wind, than would be expected in actual operations. The high~
descent-rate landing would appear to be an artifact of the simulation

and {ts wisual scene.

Table D-2

LANDING OUTCOME--TESTS FOR WITHIN LIMITS

Touchdown position

Across runway threshold

Touchdown before compuzed stopping distance predicted
overshoot for far end of runway

Lateral deviation from centerline: + 50 feet

Touchdown velocities
Rate of descent: < 14 feet/s
Lateral speed: < 15 feet/s

Touchdown attitude

Pitch angle: < 13 deg, > O deg
Roll asngle: + 9 deg
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Appendix E
PRECISICN-APPROACH TEST: QUESTIONNAIRES AND
RESULTS FOR TEN 3UBJECT PILOYS

GENERAL

For baseline, do you consider that it will solve the wind shear

problem?
No solution 5
Basis for potentiil solution 5
Solution 0

For systems 4 and 6, assuming that each can be implemented at

reasonable cost, dc you consider that it will solve the wind eshear

problem?
4 6
MFD/BA GNS/RED
No Solution 0 0
Basis for potentlal solution 8 7
Solution 2 2
Uncertain . 0 1

1 think the wind shear profiles used in the siwulation were:

About right 4
Very realistic 5
Much too severe 1
1 have nevzr seen anything like them 0

Was the simulaticn:

Very good

Good

Poor

C.spletely unrealistic

SO o

Have you ever used vertical tape type instruments before?

Yes 6
No 4
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6.

I1f 1 could choose I would have:

Vertical tape inatruments 4
Dial needle type instruments 6

GROUND _SPEED

Would you like to know your ground speed on final approach?

Yes 10
No H
Don't care 0

As far as 1l am concerned I think the ground speed concept for
alding in detecting and flying in or avoiding wind shear should
be:

Taught to all pilots 10
Forgotten 0

Do vou believe the concept of flying a minimum ground speed as
well as a minimum indicated speed 87

Excellent 9
No good 0
Neutral 1

After some experieace with the two-needle display do you consider
it:

Practical 10
Impractical 0
Nuisonce 0

Did the two-ncedle display ever confuse you?

Yes 2
No 8

Which presentation of ground speed did you prefer?

Two needle 7
Kollsman vertical tape K]
None Q
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< 3
; 7.  The autom.ted dual referenced F/S used in these ground speed 3
£ experiments is g
‘ Greatest thing since Cracker Jack 6 %
N Helps at times 4 ki
3 Is of no value 0 k
s y
%:( P 53:
g FAST/SLOW
5 x
i 1. My airline has the F/S system in some of its planes, ;
i
Y Yes 9 ;
{ No 0
3 g Uncertain 1 3
g é 2. When I have a working F/S on my ADI I use it: é
§ 5 As my primary speed control 3 é
% ) Use it secondarily to the IAS 6 :
3 Uncertain 1 =
g ‘ 3. My opinion of the normal F/S indicator is: E
5 4
. Think it {s excellent 8 3
;. Never use {t even when available 0 4
- : Think it {s superfluous 0 :
: : Uncertain 2 E
; 3 4. Having the speed control on the AD! such as you have used here 1sa: i
g, ] Excellent idea 8 .
§ oK b1 :
'y No value 0
Uncertain 1
; k
3 MODIFIED FLIGHT DIRECTOR
1 In my opinion the modified flight director as compared with the v
stondard flight director is:

Better 10
Worse 9
Same 0
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3.

6.

Flying the approaches in the rost severe conditioung would you
rather have the:

MFD 9

Standard D H

In your opinfon did the pltch bar on the #FT call for ariion that
you consider unsatn?

Yoz N
No 10

were you able to fly this MFD is preclselv as you would like?

Yes 5
Ne 4
Uncertain 1

I would like to have the wndified flight dizector in my airplanc.

Never

At all tiwmes

Only for tough turbulent approaches
Uncertain

— i O

1s the Bank steering bar on the MFD too active?

Yes 1
No 9

1s the pitch bar on the MFD too active?

Yes 3

No 7
Was the MFD smooth enough to be used it airline day to day
operation?

Yes 6

No 3

Uncertain 1
[ would like to have a switch that allowed me the option to uve
or not use the MFD

Yes 7
No 1
Uncertain 2
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L.

1.

10'

Did {t help you to make a more precise approach?

Yes 1
No 0

GO-AROUND

How far below your reference or V2 speed do you feel you can

safely go to effect a satisfactory go around?

5 knots 0
10 knots 3
15 knots 1
20 knots 0
Stick shaker 6
None at all 0

The pitch angle required to satisfy the FD during the aided go-
arounds was:
Much greater than 1 would normally use
Secemed about right

Somewhat greater than I felt comfortable with
Uncertain

2 e NS

I think knowing the status of my AOA as displayed on the F/S

during go-arounds:

Is very important

Rice supplementary information
Not important tec me

Uncertain

W O ke

The AOA displayed on the F/% to afd you in the go-arounds was:

Very heipful
Helped somewhat
Of no value
Uncertain

&S O

In general, I Like having the PD help me perform the go-around

maAneuver,
Yes 10
No 0
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The modified go-arvound command on the pitch steering bar was:

Very helpful 10
Helped somewhat 0
Didn't help 0

ACCELERATION MARGIN

Di{d you believe the acceleration margin lighe:

All of the time
Most of the time
Some of the time
Net at all

OO~

The acceleration margin is a good clue to power needs.

Yes 9
Ho H

The acceleration margin {nstrument was

Easily within my scan 5
Saw it onlv ocvasionally 5
Wasn't able to use {t 0

I uged the acceleration margin scale to

Monitor thrust anceds
As a thrust control {nstrument
Didn't use it

Londl = I

The acceleration margin }ight commanded a go-around:

Too soon ¢
Soon enough 2
Too late 0
Uncertain 1

I would like to have an acceleration margin instrument in my

cockpit.
Yes 8
No 1
Uncertain 1
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& :
% RUN_EVALUATION DISPLAY
S i
: x::(
g 1. The best information given to me by the RED was: é
i- Wind shear information 0 §
13 Ground wind information 5
b Speed information 0 )
L Go-around advisories 5 ¥
; 2. How did you use this display? %
oo Had it monitored by the lst officer 9 %
% Watched it myself 0 :
3 Paid no attention to it 0 5
g Uncertain 1 j
¢ 3. The best thing about this display was: ;
g Information about the winds 1 i
3 % Advising me to go around 8 N
4 ¢ Uncertain 1 :
: % 3
® 4
: j 4, When it comes time to abandon any approach I would prefer: 5
3 : :
= : To be aided in my decision by s black box 6 3
A é Prafer my own interpretation from standard instruments 1 :
3 . Uncertain 3 ;
5. E b
% { 5. 1 would like te have the RED Display in wmy plane: ;
:
3 Yes 6 2
- L No 2
% Uncertain 2 E
% ‘ 6. The RED Display was: ?
& 3 §
3 : Very helpful 2 4
A ] Helpful at times 7 :
3 ! Distracting 0 b
- 4 Uncertain 1 é
¢ 137 :
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NON~-PRECISLON APPROACH TEST:
RESULTS FOR TEN SUBJECT PILOTS

Rate the difficulty of e¢xecuting non-precision approaches (NPA)

Appendix F

OPERATIONS

compared to precision approaches:

Precision

Non-Precision

Approximately how many NPA's did you make in 19787

AMrcraft 17

Simulator

1f you had a choice, which type NPA would you select:

.

QUESTIONNAIRES AND

EASY
1 2 3 4 35 6 7 8 9 10
41311411

3

(
(

No vertical guidance

No lateral guidance

Unciriain

During normal operations, do you use your FD to its full

capability in NPA?

Usually 6
Alwoys 3
Never 1

When executing NPA, what i3 the maximum rate of descent you will

3
0
7

average)
sverage)

tolerate between out marker and MDA?

2000 ft/min
1500
1200
10n0

1
K]
4
2
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10.

110

12,

Do you try to reach MDA well before MAP?

Yes 9
No 0
Uncertain 1
The most difficult phase of NPA is:

Preparation p.ior to descent fix (checklist, speed

reduction, flap extension, etc.) 1
Descent from fix to MDA 1
Maintaining altitude at MDA while approaching VDP

or MAP 3
landf{ng mancuver aftesr runway is sighted 5

Which of the following is most critical in NPA:

Preparation prior to descent fix 1
Speed control 0
Altitude contcol 4
Landing maneuver 5

Rate the fnllowing in order of importance in flying NPA:

Visual desceatr point 1.94 (average)
VASL 1.94 (average)
Flight director 2.11 (average)

Your opinion of the synthetic glide slope, please:

Extremely valuable

Of some assistance

Lessened workload appreciably
Turned NPA into precisfon approach
ad no confidence in {t

D w SO

Would you if{ke te have the acceleration margin gauge and light

durfing line operations?

‘ies 10
No 0

Was the Run Evaluation Display helpful during NPA?

No 1
Very little value, increases workload 1
Hot enough training 1
Somewhat 1
Yes, when data called out by copilot i}
Yes 3
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2.
3.
4
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i
o3
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7
$
£
»
6.

GENERAL

For baseline, do you consider that it will solve the wind shear

problem?

No solution
Basis for potential solution
Solution

oo

For systems A and B or C, assuming that each can be implemented

at rcasonable cost, do you consider that it will solve the wind

shear problem?

No solution

Basis for potential solution
Solution

Uncertain

I think the wind shear profiles used
About right
Very realistic
Much too severe
I have never seen anything like

Was the simulation

Very good 6
Good 4
Poor 0
Completely unrealistic 0

A Bor C
MFD/AA GNS/MF/R
1 1
5 6
3 2
1 1

in the simulation wire:

them

3
5
0
1

Have you ever used vertical tape type instruments before?

Yes 4
No 6

1f 1 could choose 1 would have
Vertical tape instruments

Dial needle type instruments
Uncertain
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GROUND SPEED

Would you like to know your ground speed on final approach?

Yes 10 ¥
No 0 ¥
Don't care 0 i

y

As far as 1 am concerned 1 think the ground spced concept for

aiding in detecting and flying in or avoiding wind shear should be:

Taught to all pilots 10
Forgotten 0 -

Do you believe the concept of flying a minimum ground speed as

well as a minimum indicated speed is:

Excellent 10
No good 0
Meutral 0

Afrer some experiesnce with the two-ncedle display do you consider

ie? :
: Practical 9
4 Impractical 0
- Nuisance 0
i Uncertain 1
z
4 1
% 5. Did the two-needle display ever confuse you? %
3 Yes 1
é No 8
4 Uncertain 1

Which presentation of ground speed did you prafer?

VR PR B SR R LT
[
.

Two-ncedle s
Kollsman vertical tape 3
None 0 v

3
3
H

7. The automated dual referenced F/S used in these ground speed
experiments is:
Greatest thing since Cracker Jack

Helps at times
0f no value

(=Y, ¥,
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FAST/SLOW

My airline has the F/S system in some of its planes,

Yes 10
No 0

When I have a working F/S on my ADI I use it:

As my primary speed control 6
Use it secondarily to the IAS 4

My opinion of the normal F/S indicator is:

Think it is excellent

Never use it even when available
Think it is superfluous

OK as backup

-0 O W

Having the speed control on the ADI such as you have used here is:
Excellent idea 9
oK 1
No value 0

MODIFIED FLIGHT DIRECTOR

In my opinion the modified flight director as compared with the
standard flight director {is:

Better 10
Worse 0
Same 0

Flying the approaches in the most severe conditions would you

rather have the:

MFD 19
Standard ¥D 0

In your opinion did the pitch bar on the MFD call for action that

you consider unsafe?

Yes 0
No 10
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5,
6.
70
3 8.
E 9,
&
51 10.

AL

Were you able to fly thig MFD as precisely as you would like?

Yes 7
No 3

! would like to have the modified flight director in my airplane.

Never 0
At all times 8
Only for tough turbulent approaches 1
Uncertain 1

Is the Bank steering bar on the MIFD too active?

Yes 1
No 9

Is the pitch bar on the MFD too active?

Yes 0
No 10

Was the MFD smooth enough to be used in airline day-to-day

operation?
Yes 9
No 1

I would Iike to bave a switch that allowed me the option to use
or not use the MFD,

Yes 4
No b

Did it help you to make a more precise approach?

Yes 10
No G

GO-AROUND

How far below your reference or V2 speed do you feel you can safely

go to effect a satisfactury go-around?

S knotsa
10 knots

15 knots
20 knots
Stick shaker
None at all

SR ADNNO
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3.

1.

20

The pitch angle required to satisfy the FD during the aided go-

arounds was:

Much greater than I would normally use 2
Seemed about right 6
Somewhat greater than I felt comfortable with 2

I think kxnowing the status of my AOA as displayed on the F/S duving

go~arcunds:

1s very important

Nice supplementary information
Not important to me

Uncertain

SO

The AOA displayed on the F/S to aid you in the go-arounds was:

Very helpful 4
Helped somewhat 1
0f no value 1
Uncertain 4

In general, I like having the FD help me perform the go-arcund

maneuver.
Yes 10
No 0

The modified go-around comeand on the pitch steering bar was:

Very helpful 9
Helped somewhat 1
Didn't help ¢

ACCELERATION MARGIN

Did you believe the acceleration margin light:

All of the time 7
Most of the time 3
Some of the time 0
Not at all 0

The acceleration margin is a good clue to power needs,

Yes 10
No 0
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3. The acceleration margin instrument was:

BN S5

Easiiy within my scan 3
Saw it only occasionally 7
Wasn't able to use it 0 3

4, 1 used the acceleration margin scale to:

Monitor thrust needs

As a thrust control instrument
Didn't use it

Anticipate the needs

~N O~

5. The acceleration margin light commanded a4 go-around:

R—

bl bt b ¥ ROV S i S S L S0 e b P

Too soon Q
Soon enough 10
Toa late 0

6. I would like to have an nacceleration margin instrument in my cockpit.

It R ey

Yes 10
No 0

RUN EVALUATION DISPLAY

1. The best information given to me by the RED was:

Wind sheer infermation 0
Ground wind information 1
Speed information 1
Go-around advisories 8

2, How did you use this display?

Had {t monitored by the lst officer 10

Watched it myself 0
¥aid no attention to it 0

o R e i Moy drog s b 1y My s

J. The best thing about this display was:

Information about the winds 1
Advising me to go-around 9

4. VWhen it comes time to abandon any approsch I would prefer:

LN AN A TIE s L 1 R RUTE TR A PSRN

JEANE S

To be ajded in my decisfon by a black box 10
Prefer my owm interpretation from standard instruments 0
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3 TABULATION OF NUMBER OF APPROACH-AND-LANDING OUTCOMES 4

\ 3

Go~Arounds 100-ft Window Touchdown :

. Approach and Success- | Unsuc~- In- Out-of- In- Out-~of- | Total '

Severity ful cessful | Limits | Limits ) Limits { Limits | Runs r{g

. Precision <

Approach :

BL

3

Low Severity 7 - 8 5 7 6 20

Moderate 7 - 3 — 1 2 10 J

High Severity 8 6 3 3 3 3 20 3

MFD/ 85

Low Severity 2 -- 18 - 14 4 20 ;

Moderate 5 -- 4 1 4 1 10

? High Severity | 17 -- 2 1 3 — | 2 :
s ' 5
; ; GNS/RED :
] : Low Severity 9 - 8 3 8 3 20 :
: Moderate 4 - 2 4 2 10
1 High Severity 15 - 2 3 2 20
Non-Precision
3 } Appreach :
3 3 iow Severity 11 -- 3 6 6 3 20
% ! =
= Moderate 5 - 1 4 3 2 10 &
g 5 High Severity 9 3 2 6 6 2 20 "G
he H - %
MFD/AA E

. Low Severity 5 -~ 14 1 14 1 20

Moderate 5 - 3 2 5 - 10 g

High Severity 15 1 4 - 4 -— 20 §

§ ong fue /R E

i Lov Severity 7 - 5 4 7 2 16 3

4 f Moderate 1 -— 5 2 4 3 8 E

ﬂﬁ ! High Severity 7 - 7 2 B 1 16 E
343 { Z f;
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